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ABSTRACT

Author: Hewett, Daniel, M. PhD
Institution: Purdue University
Degree Received: August 2018
Title: A Spectroscopic Study of the Folding Propensities of Molecules Relevant in
Combustion Processes
Committee Chair: Timothy Zwier
This thesis focuses on the conformational preferences of molecules relevant in
combustion, specifically alkylbenzenes, present in diesel fuels, and covalently-bound
naphthalene dimers, likely intermediates in the soot formation process. Utilizing a suite of
conformation-specific laser techniques, coupled with a supersonic jet expansion to cool the
molecules down to their ground state zero-point vibrational level, the infrared and
ultraviolet spectra of individual conformers are collected and compared to theoretical
predictions, resulting in conformational assignments.
The first section of this thesis discusses a series of straight chain alkylbenzenes,
from ethylbenzene through dodecylbenzene, with the primary goal of determining the
shortest chain length at which the alkyl chain folds back over the phenyl ring. The
ultraviolet and infrared alkyl CH stretch spectra were collected and compared with
calculations, both harmonic energy calculations and infrared spectra calculated using the
local mode Hamiltonian model developed in the Sibert group. The fold was found to occur
with a chain length of eight carbon atoms.
The second part of this thesis focuses on a set of ethyl-linked naphthalene dimers.
These molecules were studied with the purpose of answering a question regarding soot
formation: how does soot begin? These dimers were studied using the full set of laserbased techniques available in the Zwier lab, and potential evidence of stacked structures
was discovered.

1

INTRODUCTION

1.1
The Importance of Understanding the Conformational Preferences of Combustion
Intermediates
Combustion is the oldest and most common form of man-made energy, from
burning wood to keep warm to propelling spacecraft into the stars. Combustion and
combustion fuels have rightfully been a focus of research throughout history1-3, from
discovering the highest energy output fuels to minimizing the negative impacts burning
fuels has on the environment4-5. One of the negative impacts combustion has on the
environment is the negative byproducts produced, such as soot. Much is known about the
aggregation process of soot formation6-10, as well as the initial process of burning the fuels
themselves11-13. A major question that has yet to be answered about soot formation is its
inception; that is, at what point do the relatively small combustion fuels begin to aggregate,
eventually forming the large, graphitic-like polyaromatic hydrocarbon (PAHs) systems1416

. Understanding this inception process is vital for devising more efficient fuels, as well

as minimizing our negative impact on the planet by providing information that can be used
to minimize the amount of harmful byproducts generated. This thesis focuses on molecules
present in this intermediate size regime; molecules larger than the simple short-chain
alkanes, but smaller than the aggregating PAHs that are well on their way to forming the
macromolecule soot particles.
There is currently a debate regarding the molecular size necessary to begin
aggregation in the high energy environment of a combustion flame. Studies have suggested
that the beginning of aggregation is with the dimerization of molecules on the size order of
pyrene17-18; however, this is disputed, with the argument that the dispersive interactions
between two pyrene molecules is insufficient to keep them together in the high energy
environment of a combustion flame14. In this thesis I will seek to provide an alternative to
these conflicting schools of thought, in the form of a chemical link between the two
monomer units, a link that is plausible to form in a combustion flame.

2
1.2

Previous Works in the Intermediate Regime
There have been many previous spectroscopic studies of molecules in the

intermediate size regime. Some of the earliest research in this field was conducted by
Smalley and coworkers in which they studied the ultraviolet spectroscopy of a series of
alkylbenzenes19-20. This study was the seminal work on alkylbenzenes, although there were
a number of studies focusing on larger aromatic groups such as naphthalene21, anthracene22,
and pyrene23 preceding Smalley’s work. These studies provide the basis for our
understanding of the spectroscopic nature of small hydrocarbons, and allow us to build
upon this understanding to gather new knowledge and insight into the combustion process.
The first half of this thesis focuses on the folding propensities of straight-chain
alkylbenzenes, specifically at what chain length the alkyl chain folds back over the
aromatic ring. These studies are closely tied to the work done by Smalley and coworkers,
as well as a natural next step from the long chain alkane Raman studies conducted in the
Suhm group by Dr. Nils Lüttschwager24-25. The chain length at which the alkanes begin
fold is ~17 carbon atoms, and the main question to be answered by the alkylbenzene studies
is how this number is affected by the addition of the large π cloud of a phenyl ring. The
second half of this thesis focuses on the stacking propensity of alkyl-linked dinaphthalenes.
Previous works on bare naphthalene form the basis of our understanding of the UV
spectroscopy26-27, both the excitation26 and emission27 spectra, that we observe in the dimer
spectra.

1.3

General Experimental Approach
The primary goal of these experiments is to determine the conformational

preferences of combustion intermediates at near absolute zero, when they are in both the
electronic and vibrational ground states. In order to determine these conformational
preferences a supersonic jet expansion is used to cool the molecules and a series of laserbased techniques are used to probe the cold molecules and obtain various conformation
specific and non-specific infrared and ultraviolet spectra. Double resonance techniques are
required as there are potentially multiple conformers present in the jet expansion, each with
their own spectral signatures. Single laser techniques are generally insufficient to obtain

3
single conformer spectra, with the exception of single vibrational level fluorescence spectra.
The double resonance techniques allow for single conformer UV excitation spectra, as well
as single conformer IR spectra. These spectra are then compared to theoretically calculated
conformation-specific spectra to determine the conformations present. These techniques
will be discussed in detail in Chapter 2.

1.4

Organization of Thesis
The primary goal of this thesis is to further understanding of the folding and

stacking propensities of combustion intermediates. The first step to understanding these
propensities is to understand the process by which the data is collected and processed. This
will be discussed in Chapter 2, where the experimental apparatus and techniques, as well
as the theoretical techniques are laid out in detail. A brief discussion of the infrared spectra
of the short-chain alkylbenzenes ethylbenzene and propylbenzene will be discussed as well.
Chapter 3 focuses on the UV, IR, and Raman spectroscopies of the longer chain
alkylbenzenes from pentylbenzene through dodecylbenzene, with the goal of locating the
shortest chain length which exhibits the chain folding back over the phenyl ring. The first
folded conformer appears in octylbenzene, determined by good agreement between the
energy calculations, UV, IR and Raman spectroscopy. Chapter 4 discusses an experimental
technique to obtain excited state infrared spectra using a counterintuitive fluorescence gain
that was experimentally observed in the alkylbenzene systems.
Chapter 5 discusses the UV and IR spectroscopy of a series of ethyl-linked
dinaphthalenes. The three isomers were synthesized by Dr. Anthony Tomaine in the Ghosh
lab, which were then interrogated using the full complement of Zwier lab laser-based
techniques in order to determine whether or not the naphthalene monomer units stack when
restricted by an ethyl bridge. Collaborations with theoretical groups, both the Sibert and
Slipchenko groups, was required to make structural determinations.
The final section of this thesis, the Appendix, is a collection of my general lab
troubleshooting tips, as well as specifics to various chambers, primarily the LIF chamber.
Troubleshooting techniques for the laser systems will also be discussed, as well as
instructions/tips on how to replace the grating in the narrowband LaserVision OPO/OPA
systems.
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EXPERIMENTAL

2.1

Introduction
The data reported in this thesis were obtained using three instruments, two of which

are located in the Zwier lab at Purdue University, with the third located in the Suhm lab at
the University of Göttingen in Göttingen, Germany. The primary instrument used for this
research was a laser-induced fluorescence (LIF) chamber, in which a multi-laser setup was
utilized for the electronic and vibrational excitation of analyte that had been cooled to its
zero-point vibrational level in the ground state via a supersonic jet expansion. These
excited molecules subsequently fluoresce, and this fluorescence is collected and directed
towards one of two detectors to generate a wide variety of spectra. The second chamber
utilized in the Zwier lab detects ions photo-generated inside the ion source region of a timeof-flight (TOF) mass spectrometer, as opposed to fluorescence detection. This difference
allows for mass-resolved spectra to be obtained, an advantage utilized in the study of
impure deuterated and partially deuterated samples. The third chamber, located at the
University of Göttingen, is a Raman spectrometer that utilized a continuous flow
supersonic jet expansion coupled with a continuous-wave (CW) laser to generate Raman
spectra of a series of alkylbenzenes. The general techniques employed in these chambers
will now be discussed, followed by the specific application of those techniques in the
context of each individual chamber used. The second half of this chapter will be an
explanation of the local mode Hamiltonian model developed in the Sibert group and its
application to the short-chain alkylbenzenes ethylbenzene and propylbenzene.

2.2

General Techniques
The following are brief descriptions of the techniques employed in the collection

of these spectra, including: the supersonic jet expansion used to cool the analyte, the lasers
and laser-based schemes used to probe the cold sample, and the detection schemes used to
collect and record the signal generated by the laser-excited molecules.
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2.2.1

Supersonic Jet Expansion
The goal of this thesis project was to study the conformational preferences of

molecules when they have little to no excess energy; in other words, the analyte is in the
zero-point vibrational level in the electronic ground state. In order to obtain this level of
excess energy significant cooling must occur in order to take molecules from room
temperature conditions to near absolute zero. This is accomplished through the use of a
supersonic jet expansion (Figure 2.1). A supersonic jet expansion is achieved by entraining
the analyte in a background gas, for most of this study helium was used, in a pre-expansion
reservoir at pressures around 3 bar. This gas mixture is pulsed into the vacuum chamber at
the repetition rate of the lasers, usually 20 Hz, through a 500 micron orifice. Since the
buffer gas expands into vacuum, it undergoes an adiabatic expansion. On the molecular
scale, this results in the transverse velocities of the buffer gas being reduced, while the
velocity component along the expansion axis is increased.

Because the velocity

distribution narrows, in the moving frame of reference of the buffer gas, the only collisions
that occur are the very gentle collisions associated with this very narrow distribution. Thus,
in the moving frame of reference, the effective translational temperature drops to very near
absolute zero. Since the analyte undergoes collisions with the buffer gas, its velocity
distribution mirrors that of the buffer gas, cooling its translational degrees of freedom.
Since there are many buffer gas atoms relative to the number of analyte molecules the
analyte undergoes a large number of collisions with the buffer gas, resulting in a rapid
cooling in which the analyte loses most of its rotational and vibrational energy (cooling the
molecules down to 1 K, 2-5 K, 10-15 K, respectively). If the analyte has its population
spread out over several conformations prior to the collisional cooling process, this
population will be trapped in these conformations if the cooling process is fast compared
to the isomerization rate. Alternatively, if low barriers separate two conformational wells,
the collisional cooling could result in population in the less stable well being transferred in
total or in part to the lower energy well. As we will see, in the alkylbenzenes, the barriers
to conformational isomerization are sufficiently high that the effective conformational
population distribution downstream in the supersonic free jet is near that in the preexpansion mixture.
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Figure 2.1
Illustration of a supersonic jet expansion. The molecules are vaporized in
the pre-expansion reservoir and then carried through the front of the valve into the vacuum
by an inert backing gas, usually helium. The molecules undergo collisions with the backing
gas, which transfers energy into the carrier gas, resulting in a cooling of the analyte.

2.2.2

Lasers
All of the laser systems utilized in the Zwier lab experiments consist of two parts:

a single frequency pump laser and a tunable laser, either a dye laser for UV generation or
an optical parametric converter (OPC) solid state crystal laser, used primarily for IR
generation. The first is a pulsed Nd:YAG laser, firing at either 10 or 20 Hz. The
fundamental of the Nd:YAG laser (1064 nm) is used to pump the IR laser, whereas the
second and third harmonics of the fundamental (532 nm and 355 nm, respectively) are used
to pump the dye laser.
The infrared laser system is a LaserVision OPC system in which the 1064 nm laser
light is converted into two longer-wavelength photons via angle tuning of potassium titanyl
phosphate (KTP) and potassium titanyl arsenate (KTA) crystals in the oscillator and
amplifier stages, respectively. This allows for the generation of tunable infrared light
throughout the hydride stretching and, with the addition of a AgGaSe2 crystal, hydride
bending regions of the infrared spectrum. A more exhaustive explanation of the
LaserVision system can be found elsewhere.
The ultraviolet laser system is a dye laser in which various laser dyes are excited
with either the 532 nm or 355 nm light from the Nd:YAG pump laser. The excited dye then
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fluoresces at less energetic frequencies, which, after wavelength selection via a grating,
allows for tunable visible laser light generation. This wavelength selection is made possible
by the fundamental physics that allow lasers to function: the wavelength selected by the
grating stimulates the fluorescence of that specific wavelength from the excited laser dye.
This visible light is then frequency doubled into the UV region of the electromagnetic
spectrum via angle tuning of a non-linear barium borate (BBO) crystal, allowing for
electronic excitation of the analyte.
2.2.3

Detection Schemes
Upon laser irradiation excited molecules have a variety of pathways they may take

out of the excited state. The two pathways utilized in this thesis are fluorescence, a radiative
relaxation process in which the molecules emit photons to release energy, and two photon
ionization, an ionization process in which the excited state molecules are ionized by
absorption of a second photon. This second photon can be the same frequency as the
excitation photon (known as one color resonant two photon ionization (1C-R2PI)) or a
different frequency (two color resonant two photon ionization (2C-R2PI)).
In the case of the ionization processes a Wiley-McLaren time-of-flight mass
spectrometer (TOF) is used to detect the ions generated by the laser irradiation. Using the
TOF allows for mass-selective signal detection, a requirement when working with impure
samples, or isotopically-substituted samples.
Two fluorescence detection schemes were used for this thesis project: a
photomultiplier tube (PMT) and an iCCD camera attached to a monochromator. The PMT
detects photons of light and amplifies that signal via an electron cascade mechanism,
generating a negative voltage signal that is subsequently gated according to the data being
collected. This detection is used in the UV excitation, FDIR, and IR/UV & UV/UV
holeburning scans. PMTs are insensitive to wavelength and therefore only produce signal
as a measure of total photons detected. For wavelength-specific fluorescence detection, the
iCCD camera is used. The fluorescence is collected and directed into a monochromator
where a grating disperses the fluorescence. This dispersed fluorescence is then collected
on the iCCD camera, where individual pixels correspond to individual wavelengths of light.
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2.2.4

Laser-Based Schemes
The experiments performed in this thesis project utilized between one and three

lasers, depending on what type of data were desired. Most of the experiments performed
followed the same general scheme: first, a non-conformer specific UV excitation spectrum
is obtained using a single UV laser; second, conformer specific IR spectra are obtained
utilizing one IR and one UV laser; and third, conformer specific UV excitation spectra are
obtained using either two UV lasers or one IR laser and one UV laser. Low frequency
ground state vibrational information can be obtained using two different schemes:
dispersed fluorescence and a Raman scattering experiment.

Figure 2.2
Illustration of the fluorescence-based laser schemes utilized in the Zwier lab.
The straight lines indicate the excitation of a photon, blue for UV and red for IR, and the
wavy lines indicate the emission of a photon. The dashed lines indicate a depletion in signal
as a result of a relative population loss due to earlier excitation from a different laser. The
five schemes shown are: UV excitation (a), S0-FDIRs (b), S1-FGIRs (c), UVUV HB (d),
and dispersed fluorescence (e).
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The UV excitation spectrum is obtained by irradiating the analyte with varying
frequencies of UV light. This is done by scanning the frequency of the dye laser through
the region of the UV spectrum of interest. When the UV frequency is on resonance with an
electronic transition in the analyte the molecule can absorb a photon, resulting in electronic
excitation of the molecule which is subsequently detected via fluorescence (Figure 2.2a).
This signal intensity is plotted versus the frequency of the UV laser at the time of excitation,
generating the UV excitation spectrum. This spectrum is non-conformer specific, since any
conformer that absorbs light somewhere in the wavelength region of interest, and emits
fluorescence, is detected.
Once the UV excitation spectrum is obtained conformer specific IR spectra can be
obtained. These data are collected by fixing the UV laser on resonance with a transition in
the fluorescence excitation spectrum from the ground state zero-point level to a particular
vibrational level in the excited electronic state. This generates a constant signal due to the
single conformer being probed. The IR laser is aligned by counterpropagating the UV laser,
so they are spatially overlapped. The IR laser precedes the UV laser in time by
approximately 200 nanoseconds, and is run at half the repetition rate (10 Hz vs 20 Hz) of
the UV laser. The IR laser is then scanned through the region of interest, the most common
region being the CH stretching region of the IR spectrum for this thesis project. When the
IR frequency is on resonance with a vibrational transition of the conformer being probed
the molecule is vibrationally excited, resulting in a partial depopulation of the ground state
zero-point level being probed (Figure 2.2b). This depopulation results in less molecules
being electronically excited by the UV laser, and therefore generating less total signal from
the UV excitation. By running the IR laser at half the repetition rate of the UV laser a series
of IR on/IR off signals is generated, and, when processed through a gated integrator run in
active baseline subtraction mode, results in a conformer specific infrared spectrum for the
conformer being probed by the UV laser. This technique is known as fluorescence dip
infrared spectroscopy (FDIRs) when fluorescence is detected, and resonant ion dip infrared
spectroscopy (RIDIRs) when the ion signal from resonant two-photon ionization is
monitored. This scheme can also be used to gather information about the infrared vibrations
in the excited state by bringing the infrared laser in after the UV laser, but still within the
excited state lifetime of the molecule. This results in the infrared photons vibrationally
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exciting the electronically excited molecules, resulting in a dip in UV signal, or, in some
special cases that will be explained in detail in Chapter 4, a gain in UV signal (Figure 2.2c).
Conformer specific UV spectra are obtained in a similar manner to the one used for
the conformer specific infrared spectra. The two methods used in the Zwier lab are IR/UV
holeburning and UV/UV holeburning (Figure 2.2d). In IR/UV holeburning the temporal
and spatial arrangement of the two lasers, one IR and one UV, are identical to the
arrangements used in FDIRs/RIDIRs. The IR laser is fixed on a vibrational transition for a
single conformer and the UV laser is scanned through the range of interest. When the UV
laser is on resonance with an electronic transition out of the same ground state that the
infrared laser is exciting then a difference between the IR on and IR off signal is observed.
When the UV laser is on resonance with an electronic transition out of a different ground
state than the one that infrared laser is exciting then a difference between the IR on and IR
off signal is not observed. Thus, an IR-UV hole-burning scan results in a spectrum being
generated where there is a depletion in signal when the UV laser is exciting molecules that
have an infrared transition being probed by the fixed IR laser, but no signal depletion for
conformers that do not have an infrared transition at that frequency. This generates a
conformer specific UV spectrum. One issue that can arise with IR/UV holeburning is if
multiple conformers have the same infrared transition then the UV spectrum generated will
not be conformer specific. The second holeburn technique, UV/UV holeburning, is less
likely to have this issue. This is due to the fact that frequency shifts of 1-2 cm-1 out of
38,000 cm-1 are sufficient to separate UV transitions, whereas the IR transitions are 2-20
cm-1 wide out of only 3,000 cm-1.The experiment is run in the same fashion as IR/UV
holeburning but the infrared laser is replaced with a UV laser that is fixed on the same
frequency as a UV transition for the target conformer.
The dispersed fluorescence experiment utilizes a single UV laser fixed on a
transition chosen from the UV spectrum. This produces a constant fluorescence signal for
a single vibronic transition of a single conformer. This fluorescence is directed into a
monochromator where the light is dispersed by a grating onto an intensified charge-coupled
device (iCCD) camera, producing a wavelength-specific emission spectrum (Figure 2.2e).
Raman scattering is a laser-based technique in which the molecules do not directly
absorb a photon; instead, the photons collide with the molecules and transfer some energy
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into the molecule via inelastic scattering. The energy transferred will be into a Raman
active vibrational level. The scattered photons are then detected using a monochromator
coupled with an iCCD camera, allowing for measurement of the energy transferred into the
molecule (by subtracting the detected photon’s energy from the original laser energy), and
therefore generating the Raman spectrum. There are three types of Raman scattering:
Rayleigh, Stokes, and Anti-Stokes scattering. Rayleigh scattering is defined as scattering
in which the emitted photon is of the same energy as the absorbed photon, Stokes scattering
is when the emitted photon is of lower energy than the absorbed photon, and Anti-Stokes
scattering is when the emitted photon is of higher energy than the absorbed photon. AntiStokes scattering occurs when the molecules probed are in vibrationally warm states,
whereas Stokes scattering occurs out of the v=0 state, although there can be Stokes
scattering out of vibrationally warm states, transitions known as hot bands. The
experiments described in this thesis utilized Stokes scattering, as we are primarily
interested in studying vibrationally cold molecules.

2.3

Chambers
Three chambers were used in the collection of data for this thesis: the laser-induced

fluorescence chamber, hereby known as the LIF chamber, a chamber utilizing a WileyMcLaren time-of-flight mass spectrometer, hereby known as the NASA chamber, and the
Raman spectrometer setup in the Suhm lab, hereby known as the CURRY-jet chamber.
The following sections will briefly discuss which technical components are used in each
setup, as the chambers have all been described in great detail elsewhere.
2.3.1

LIF Chamber
A vast majority of the work presented in this thesis was accomplished using the LIF

chamber. This chamber utilizes a vast majority of the laser schemes, as well as the detection
schemes, described in the previous sections. The laser schemes used in this chamber are
the UV, FDIR, IR/UV and UV/UV holeburning. The laser systems used for IR and UV
generation are a LaserVision OPO/OPA system pumped by a Contiuum Powerlite 8020 10
Hz YAG and a ScanMate dye laser pumped by the second and third harmonics of a Quantel
QSmart 450 20 Hz YAG, respectively. The detection schemes utilized in this chamber are
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the two fluorescence detection schemes: the PMT and an Andor iCCD camera coupled
with a HORIBA Jobin Yvon .75 meter monochromator. A supersonic jet expansion is used
to cool the molecules before laser interrogation. A Parker Series 9 general valve was used
to generate the supersonic jet expansion. The sample was entrained in ~3 bar of helium and
expanded through an 800 μm orifice into the vacuum chamber. The chamber is pumped by
a roots blower (Leybold, model WS 100) backed by two rough pumps (Sargent-Welch,
model 1398). Laser interrogation of the analyte occurs in the center of the chamber between
two spherical mirrors which direct light down through the bottom mirror. The light is then
collimated and directed towards the detectors. A sliding mirror is put into the beam path to
direct the light to the PMT, or removed from the beam path to direct the light to the
monochromator. Troubleshooting guidelines for this chamber can be found in the
Appendix.
2.3.2

NASA Chamber
The laser schemes commonly utilized in the NASA chamber include UV and

UV/UV holeburning. The detection scheme utilized in this chamber is a Wiley-McLaren
time-of-flight mass spectrometer. The lasers interact with the molecules, cooled via
supersonic jet expansion, in the acceleration region of the TOF. Detailed descriptions of
this chamber can be found elsewhere.
2.3.3

CURRY-Jet Chamber
The CURRY-jet chamber is used to take CW Raman spectra in the low frequency

region of vibrational spectra. A slit nozzle is used to form the supersonic jet expansion
which interacts with the 532 nm 25 watt CW laser light generated by a Millenia eV 25
diode laser. The scattered Raman light is then directed onto a monochromator which
disperses the light onto a liquid nitrogen-cooled iCCD camera. The chamber is pumped out
by three pumps, two Roots pumps and a rotary vane pump. This level of pumping is
required due to the high gas load generated by the continuous flow nozzle.
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2.4

Theoretical Techniques and Their Application to Short-Chain Alkylbenzenes

2.4.1

Introduction
The work presented in this thesis focuses on molecules relevant in combustion,

primarily on a series of straight-chain alkylbenzenes. The UV spectroscopy of these
molecules has been studied at length in the past, and the infrared spectroscopy of ethyl,
propyl, and butylbenzene has also been studied previously; however, the theoretical
predictions for the infrared spectra are not accurate due to the Fermi resonance coupling of
the CH stretches with the CH bend overtones. This coupling makes assignment of the alkyl
CH stretch region of the infrared spectrum extraordinarily challenging, and therefore of
little prior use as a spectroscopic tool. Our collaborators at UW Madison, Dr. Ned Sibert
and Dr. Danny Tabor, developed a local mode Hamiltonian model that accounts for the
stretch-bend Fermi resonance coupling in the CH stretch region, resulting in significantly
improved theoretical spectra that can be used for conformational assignments1-3. The model
they developed is used extensively in making conformational assignments throughout this
thesis, and therefore will be explained in detail here using the short-chain alkylbenzenes as
a model system.
2.4.2

Experimental Parameters
The samples were entrained in ∼3 bars of helium and were pulsed into a vacuum

through an 800 µm orifice (Parker General Valve Series 9) to produce a supersonic jet
expansion. The spectra were obtained using the LIF instrument described in Section 2.3.1.
The samples, with the exception of the partially deuterated ethylbenzene which was
synthesized by Dr. Anthony Tomaine, were purchased from Sigma Aldrich and used
without further purification.
2.4.2.1 Procedure for synthesizing Ph-CD2–CH3

Figure 2.3

Synthesis pathway for Ph-CD2–CH3
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To a 15 mL round bottom flask containing argon, 2 mL ethylbenzene (16.33 mmol,
1 equiv), 8 mL D2O (2M), and 0.17 g Pd/C (10% w/w) were added. The argon in the flask
was then replaced with H2 and stirred for 60 min to allow for Pd activation (Figure 2.3).
Then, the flask was sealed to all H2 exchange and the reaction was allowed to stir
vigorously for 24 h. After removal of Pd via celite, extraction with DCM, and careful
removal of solvent in vacuo, the product was present as evident by 1H NMR analysis.
2.4.3

Local Mode Model Hamiltonian
The following is an explanation of the Hamiltonian used in the anharmonic local-

mode model, as well as the simplifications to this model introduced by Dr. Tabor based on
comparison with our experimental data.
2.4.3.1 Simplified Model
In both the previous studies and the study of the alkylbenzenes reported here, the
anharmonic contributions were similar and spectral variances were due to the changes in
the quadratic contributions. This raises the possibility of presenting a simpler
implementation of the model where all the anharmonicities are included as parameters
instead of calculated from scaled cubic force constants. Such a model only requires the
computation of the quadratic contributions to the local mode Hamiltonian. Moreover, these
contributions are invariant to the choice of the coordinate system, so the transformation to
local modes can be conducted using the rectilinear mass-weighted Cartesian force constant
matrix instead of constructing the F and G-matrices. The magnitudes of the anharmonic
contributions are based on generalizations of our previous findings on alkyl CH stretches.
The Fermi coupling between stretches and scissor overtones in CH2 groups was
consistently found to be near 22.0 cm−1, with similar values seen for stretches and adjacent
scissor overtones in CH3 groups (labeled α1). There, the Fermi coupling between the CH
stretch and its opposite scissor overtone is typically much smaller, around 2.5 cm−1 (α2).
Finally, the coupling between stretches and scissor combination states in CH3 groups is
taken to be 1.5 cm−1 (γ1) or 5.6 cm−1 (γ2), with combination states composed of the two
adjacent scissors taking the former value. An illustration of these coupling types is
provided in Figure 2.4.
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Figure 2.4

The various couplings between the stretches and bends found in CH3 groups.

The anharmonicities involving only scissor states were determined to be
transferable in the original model and such a transferability is thus assumed here.
Anharmonicity is accounted for in the scissor overtones by subtracting a constant value
(9.6 cm−1); this also detunes the overtones from the combination states in many instances.
The CH3 scissor overtones were found to be coupled to each other by about −4.5 cm−1. The
χij anharmonic contributions to combination scissor states were ignored in this
implementation due to their small size (−0.9 cm−1). The Hamiltonian used in this model is
shown in Figure 2.5.

Figure 2.5
Local mode Hamiltonian used to model the alkyl stretch region of the IR
spectrum in alkylbenzenes. The various couplings are labeled using the naming scheme
found in Figure 2.4.

18
The alkylbenzene chains examined here provide a stringent test of the scaling
factors that were previously employed for other alkyl stretch molecules. These chains
contain multiple consecutive CH2 and CH3 groups, producing near degeneracies in the local
mode frequencies. This makes the final spectra more sensitive to the coupling between the
stretches on both the same and different carbon atoms. As the length of the chain increases,
the number of states in certain spectral regions grows, making the attribution of features to
specific states difficult. However, given our past experience, the model should be able to
capture the majority of the features of these spectra. As even longer chains are examined,
it is anticipated that the B3LYP functional will not satisfactorily account for the dispersion
between the aromatic group and the chain. Such a shortcoming raises doubt about the
method’s ability to model the spectra of longer chains. Thus, we also parameterized the
model for other electronic structure methods: B3LYP-D3/6- 311++G(d,p), ωB97X-D/6311++G(d,p), and MP2/aug-ccpVDZ to broaden the method’s applicability. For these
methods, it was necessary to add additional scaling factors to map their results onto the
B3LYP/6-311++G(d,p) results. When dispersion is not expected to play a large role in the
structure of the molecule, using B3LYP is recommended due to the greater extent that it
has been tested.
Initial tests were also performed on the effects of low frequency torsional degrees
of freedom on the vibrational spectra. Both the original model Hamiltonian and this
simplified model can be extended to include torsional effects. Incorporating a torsional
potential and calculating the force constant matrix at several different torsional angles
allowed for a model that includes the torsion to be examined. Ultimately, the calculations
indicated that inclusion of the torsion did not make a substantial difference to the major
spectral features observed in these molecules.
2.4.4

Application of Local Mode Hamiltonian Model to Short-Chain Alkylbenzenes
The following section shows the application of the model to the short-chain

alkylbenzenes and their IR spectra.
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2.4.4.1 Ethylbenzene/Partially Deuterated Ethylbenzene and Propylbenzene

Figure 2.6
Local mode Hamiltonian model applied to ethylbenzene and the partially
deuterated ethylbenzene. The left theoretical spectrum was generated using the standard
methods, and the right is generated using the full model developed in the Sibert group. The
deuteration was used to isolate the terminal methyl group’s contributions to the spectrum.

As shown in Figure 2.6, the local mode Hamiltonian model developed in the Sibert
group greatly enhances the fit between experiment and theory. The left theoretical
spectrum, calculated using the standard Zwier group method of using harmonic vibrational
frequencies with a scaling factor to account for anharmonicity, does not match well; it does
not even contain the correct number of peaks. This is a result of not accounting for the
Fermi resonance between the stretches and the bend overtones. When this resonance is
accounted for using the Sibert model, there is agreement between theory and experiment,
as seen in Figures 2.6 and 2.7. This model was essential in making conformational
assignments for the longer alkylbenzenes discussed in Chapter 3.
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Figure 2.7
Comparison of theoretical versus experimental spectra for the two
conformers of propylbenzene.
2.5
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IDENTIFYING THE FIRST FOLDED
ALKYLBENZENE VIA ULTRAVIOLET, INFRARED, AND RAMAN
SPECTROSCOPY OF PENTYLBENZENE THROUGH
DECYLBENZENE

3.1

Introduction
Alkylbenzenes are principal components of petroleum-based gasoline and diesel fuel,

comprising some 20-30% of their chemical composition.1 Both single-chain and multiplechain alkylbenzenes are prevalent, with chains varying in length from methyl groups to ten
or more carbon atoms.2-4 Indeed, decylbenzene has recently been proposed as a surrogate
for long-chain alkylbenzenes in diesel fuel.5 One of the interesting facets of the presence
of these long-chain alkyl groups attached to benzene is that their juxtaposition in a single
molecule produces combustion chemistry characteristic of both aromatics and alkanes
simultaneously.5
Alkyl chains in this size regime possess complicated potential energy landscapes that
develop with chain length in fascinating ways, especially in the presence of the aromatic π
cloud, which can engage in dispersive attractions with the alkyl chain6-8. In the pure nalkanes, the dihedral angles about each C-C single bond prefer trans (180o) over gauche
(±60o) arrangements due to steric effects9. As a result, the all-trans conformations are
lowest in energy up to n=17±110, with each gauche ‘defect’ causing a destabilization of
about 2.5 kJ/mol11.

However, counteracting these steric effects are the dispersive

interactions between sections of the alkyl chains. In a recent spontaneous Raman study of
the pure alkanes by Suhm and co-workers,10 they showed that beyond n=17±1, the alkyl
chains prefer to loop back on themselves10. This fold is composed of four gauche defects
separated by a single trans dihedral (gi-2, gi-1, t, gi+1, gi+2) that neatly place the two all-trans
portions of the chain in an anti-parallel arrangement, commensurate with one another, as
predicted by theory9, 12.
A main goal of the present work is to establish when such folding first energetically
competes with extended chains in the alkylbenzenes. The presence of the phenyl ring at
one end of the alkyl chain provides an electron-rich π cloud to interact with the alkyl chain
through attractive dispersion forces that are likely to be somewhat greater than between

22
two alkyl chain segments13-14. We seek to understand (i) what the nature of the fold is in
this context, (ii) how it is similar to, or different from, that in the pure alkanes, and (iii) at
what length alkyl chain such a fold begins to compete.
The conformations of reasonably unstrained pure n-alkyl chains are distinguished
from one another by specifying a series of dihedral angles that are either trans/anti (180o),
or gauche (±60o). Both the trans and anti designations are used somewhat interchangeably
in the literature. We use trans here, in deference to the early IR work of the Strauss group
on the conformations of the pure alkanes.15 As the length of the alkyl chains increases,
naming individual conformers by labelling every dihedral angle becomes cumbersome, so
we will employ the naming scheme used by the Suhm group in their study of the pure
alkanes.10 Each conformer of a given alkylbenzene will be characterized by its deviation
from the out-of-plane all-trans structure. Every observed conformation places C(1) inplane and C(2) nearly perpendicular to the plane of the ring, as it is in ethylbenzene. We
designated this initial dihedral as perpendicular, or p, in the previous study on short chain
alkylbenzenes,6 so we begin numbering the dihedrals starting with the next dihedral (CphC(1)-C(2)-C(3)). Only the dihedrals that deviate from the out-of-plane all-trans structure
will be specified. For example, the pgt conformer of n-butylbenzene will be referred to
simply as g1, while the pgg conformer becomes g1g2 in this short-hand notation.

The relative sign of the gauche angles is also important; for this the notation g’# is
used to denote when a gauche dihedral angle has the opposite sign of the initial g1 dihedral
angle. Finally, if there is no deviation from the out-of-plane all-trans structure it will simply
be denoted as all-trans.
Here, we present conformational assignments for the main observed conformers of
n-pentyl, n-hexyl, n-heptyl, and n-octylbenzene, and a partial assignment of ndecylbenzene. In arriving at these assignments, we utilize a combination of methods,
including (i) relative energies deduced from high-level theory, (ii) LIF spectra, (iii) single-
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conformation alkyl CH stretch IR spectra, and (iv) Raman spectroscopy, all carried out on
jet-cooled samples of the molecules in the gas phase. Each of these methods brings
complementary insights regarding the conformational assignments.
As we shall see, in octylbenzene, a small electronic origin transition appears in the
LIF spectrum at 37488 cm-1, shifted distinctly to the red of those found in smaller members
of the alkylbenzenes. We present evidence that this transition arises from a g1g3g4
conformer that folds the n-octyl chain back over the phenyl ring where it can interact
optimally with the π cloud via multiple CH2(n) groups.
An essential tool in interpreting the single-conformer IR spectra is the local mode
Hamiltonian model developed in the Sibert group, and applied recently to ethyl, n-propyl,
and n-butylbenzene.6 This model explicitly takes into account the strong and pervasive
stretch-bend Fermi resonances that make comparison with harmonic normal mode
calculations nearly impossible. We use many aspects of the model from that work without
change, making at most minor modifications that further refine it. As we shall see, the
method is capable of capturing many of the main characteristics of the alkyl CH stretch
spectra, greatly aiding assignments. They also help in interpreting the source of unique
spectral signatures when they appear. Indeed, a particular strength of the method is its
ability to provide useful physical insight regarding the local site frequencies of the CH
oscillators and their inter-group coupling as a function of their local configuration and
position along the chain. We therefore return near the end of the manuscript to consider
what that model deduces about the vibrational signatures of the alkyl chains and to assess
the prospects and limitations of alkyl CH stretch spectroscopy as a tool for making
structural deductions on alkyl chains.

3.2

Methods

3.2.1

Experimental
The experimental setups utilized for the UV, IR, and Raman spectroscopies have

been described elsewhere,10, 16 and we will only describe the specific conditions employed
in this particular study. The UV and IR spectra were taken on samples entrained in 3 bar
of helium and pulsed through an 800 micron orifice into a vacuum, creating a supersonic
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jet expansion. The samples were heated from room temperature up to 110˚ C in order to
sufficiently vaporize the samples. The Raman spectra were taken of samples heated from
43˚ C to 81˚ C and flowed continuously through a slit nozzle (.15 mm x 4 mm) with a
backing pressure of .5 bar of He, at a distance of 1 mm from the laser.
3.2.2

Theory
Conformational equilibrium distributions for the n-alkylbenzenes have been

calculated on a MMFF (Molecular Mechanics Force Field) level using Spartan’08
v.1.2.0.17 All conformers within a threshold of 10 kJ/mol relative to the global minimum
structure were re-optimized and their energies and frequencies have been calculated with
the B3LYP-D3BJ/def2TZVP method in Gaussian 09.18 The def2TZVP basis set represents
a good compromise between computational cost and reliable results as bigger basis sets
were not feasible for n-alkylbenzenes with an alkane chain longer than 5 carbon atoms.
Previous studies have provided evidence that this level of theory provides good
correspondence with experiment in ordering the relative energies of conformers19.
Harmonic vibrational frequency calculations were carried out on the full series of
alkylbenzenes studied, from ethylbenzene to decylbenzene, at the same level of theory.
Due to the pervasive presence of strong Fermi resonance coupling between CH
stretch fundamentals and the overtones of the CH scissors modes, the harmonic vibrational
frequencies cannot be used in making assignments. As a result, theoretical IR spectra were
calculated in a local mode basis that explicitly accounted for stretch-bend coupling, much
as was done in the previous work on smaller chain alkylbenzenes.6 For the alkyl chains,
the model Hamiltonian was constructed from the Hessian matrix and dipole derivatives
computed at the B3LYP-D3/6-311++G(d,p) level of theory at each conformer's local
reoptimized geometry. The only difference between the Hamiltonian construction in this
work and that of the shorter chain study is how the stretch-stretch couplings between CH
stretches on different carbon atoms are treated. Although the scaling of this parameter was
considered in the previous work, the presence of the phenyl ring altered the local mode
stretching site frequencies of the initial CH2 groups to the extent that there was still about
a 15 cm-1 variance from carbon to carbon. In contrast, the local mode site frequencies for
CH stretches in the middle of the longer chains in trans conformations are nearly

25
degenerate, as will be seen below. The importance of the coupling between these neardegenerate sites grows with the length of the chain. In order to improve the agreement
between the experimental spectrum and the theoretical model, the DFT couplings between
stretches on different carbon atoms are scaled by a factor of 0.85. This adjustment appears
to be transferable from chain to chain and also improves agreement between experiment
and theory in the full set of conformers studied here. The use of this additional scaling on
the shorter chains does not significantly alter their model spectra, as expected given the
small number of near degeneracies.

3.3

Results and Analysis

3.3.1

LIF Spectra and Relative Energy Calculations

Figure 3.1
UV excitation spectra for ethylbenzene through octylbenzene, and
decylbenzene. Assignments are made here for clarity, with the dashed lines indicating
bands with the same assigned structure between molecules. The low frequency regions of
heptylbenzene and octylbenzene are magnified 5x for clarity (red). The band located
between the origins of the g1 and all trans conformers is a vibronic band of the g1
conformer.
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The LIF spectra for pentyl, hexyl, heptyl, octyl, and decylbenzene are compared
with those for the short alkylbenzenes in Figure 3.1. The labels in Figure 3.1 were derived
through the full set of techniques brought to bear on this series of molecules. The
increasing complexity of the conformational landscape for the long-chain alkylbenzenes is
readily apparent in the steadily increasing number of transitions in the S0-S1 origin region
with increasing alkyl chain length.

This is not surprising, since with each additional

carbon-atom added to the alkyl chain, another dihedral angle is introduced about which
nominally t, g+, and g- configurations are possible, resulting in a geometric growth in the
number of possible conformers.

Figure 3.2
Energy level diagrams of pentylbenzene through octylbenzene.
Calculations were done at the B3LYP-D3BJ/def2TZVP level of theory. The
experimentally observed structures are shown with colored markers for clarity. The first
observed folded structure, g1g3g4 in octylbenzene, is shown in red.
Figure 3.2 shows the relative, harmonically zero-point corrected energies of
conformers for pentyl, hexyl, heptyl, and octylbenzene calculated to be within 5 kJ/mol of
the global minimum at the DFT B3LYP-D3BJ/def2TZVP level of theory. The all-trans
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structure is the lowest energy conformer for each of the molecules in this series, and all of
the energies shown are relative to this global minimum. The energy level diagrams for
each molecule are divided into sub-sets with an increasing number of gauche ‘defects’
going from left to right. The steady increase in the number of low-energy conformers is
obvious from Figure 3.2, with 8, 11, 15, and 17 structures within the first 5 kJ/mol in pentyl
through octylbenzene. In looking at the whole series of alkylbenzenes, the calculations
clearly predict that the g1 conformer is always nearly isoenergetic with the all-trans
conformer, thereby bringing C(3) above one edge of the aromatic ring, where it is stabilized
by a CH…π interaction. The low energy cost of this g1 defect propagates through the
conformers containing two or more gauche defects, with all the lowest-energy conformers
possessing a g1 defect. For this reason, we have not calculated exhaustively the full set of
non-g1 conformers in the larger alkylbenzenes.
The energy level diagram for pentylbenzene, then, predicts that the all-trans and g1
conformers should possess similar starting populations in the expansion, with the g1g2
structure third most stable. Consistent with this prediction, the LIF excitation spectrum in
the S0-S1 origin region of pentylbenzene in Figure 3.1 shows two intense bands (appearing
at approximately the same frequencies as the g1 and all-trans bands for propylbenzene and
butylbenzene), and a third transition which has half the intensity of larger two bands,
appearing 5 cm-1 below the g1 origin, tentatively assigned to g1g2. Based on the results
on butylbenzene, one might anticipate a fourth conformer, g2, to be present. However, the
energy of the g2 conformer is raised to 2.5 kJ/mol in pentylbenzene, and so is predicted to
be smaller in intensity than g1g2. We anticipate, based on butylbenzene, that the S0-S1
origin transition of g2 will be close to the all-trans origin, since its first dihedral angle is
trans. It seems plausible that the g2 origin (and g3 as well) is not resolved in pentylbenzene,
appearing underneath the contour due to the all-trans conformer, a conjecture that we will
return to later.
The low-energy conformers of hexylbenzene are predicted to have a similar energy
ordering to their counterparts in pentylbenzene, with all-trans, g1, and g1g2 minima
noticeably more stable than all others. The LIF spectrum for hexylbenzene reflects this
close similarity with pentylbenzene, also displaying two large transitions due primarily to
all-trans and g1 conformers, and a weaker-intensity band tentatively assigned to g1g2 just

28
to the red of the g1 origin. At higher energies, the energy diagram is modified by the
presence of new conformations arising from the additional dihedral associated with the
lengthening of the alkyl chain (e.g., g1g’4, g1g4, g1g2g4, and g1g3g4). Notably, the hexyl
chain in hexylbenzene is the shortest chain that can support a g1g3g4 conformer, with its
chain folded back over the ring, here with calculated energy of 3.52 kJ/mol above the global
minimum. As we shall see, there is no experimental evidence for this conformer in
hexylbenzene.
The LIF spectrum of heptylbenzene differs from those of pentyl and hexylbenzene
in two subtle but important ways. First, the gap in frequency between the bands tentatively
assigned to g1 and g1g2 electronic origins has now widened just enough to show a small
peak half way between them, at about one-third the size of the g1g2 origin. Second, a weak
transition appears at 37497 cm-1, some 15 cm-1 red of the g1g2 origin. The carrier of this
band must have a stronger interaction of the heptyl chain with the aromatic π cloud than
do other conformers, leading to the additional red-shift in its origin. Therefore, there are
five resolved electronic origins to account for via the spectroscopy.
The energy level diagram for heptylbenzene (Figure 3.2) is similar to that of pentyl
and hexylbenzene. The g1g’4 conformer is fourth in energy and therefore a candidate for
one of the new transitions. The next conformer up in energy with prospects for appearing
near to or red-shifted from the g1 origin is g1g3. Further distinction between these
possibilities will require the infrared and Raman data in the following sections. Note that
there is a slight drop in energy of the g1g3g4 structure with the longer heptyl chain, but
several other folded or partially folded structures compete with it in energy.
In octylbenzene, the LIF spectrum now more clearly shows the three transitions
near the g1 origin. Notably, there are several small transitions red-shifted from the UV
transitions of the g1-like conformers, including a band with intensity similar to the central
peak of the g1 triad. We shall present evidence shortly that this band is due to the g1g3g4
conformer, consistent with a precipitous drop in its stabilization in the octyl chain to an
energy slightly below that of the g1g2 conformer (Figure 3.2).
Finally, Figure 3.1 presents an overview LIF scan of decylbenzene. While we have
not studied this molecule in detail, we present its spectrum as a part of the series, since it
shows a number of red-shifted transitions now appearing with significant intensity,
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indicating the growing presence of more conformers with strong interactions of the chain
with the aromatic π cloud.
3.3.2

Fluorescence-Dip Infrared Spectra
Using fluorescence-dip infrared spectroscopy (FDIRS), infrared spectra in the C-H

stretch region (2800-3000 cm-1) were taken of the individual conformers of pentylbenzene,
hexylbenzene, heptylbenzene, octylbenzene, and a subset of the main bands of
decylbenzene. As we have argued in the preceding section, the LIF spectra evolve with
lengthening alkyl chain in a systematic way that enables us to sort the conformational
isomers of each sized alkylbenzene into conformational families that share the same or
closely analogous alkyl chain conformations. In this section, we confirm that these
similarities carry over to the single-conformation IR spectra, which are fit using the local
mode Hamiltonian model described in Section 3.2.2. Using octylbenzene as representative,
we present optimized structures for every conformational family that we discuss in the
sections that follow (Figure 3.3). The labels on the peaks in Figure 3.1 indicate the assigned
structures based on the full complement of methods used. Given the importance of the
folded g1g3g4 conformer, we present and discuss this structure separately.
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Figure 3.3
The seven experimentally observed conformations seen in the alkylbenzene
series, shown using octylbenzene as the model system.
The experimental single-conformation spectra of each sized alkylbenzene in the
series are grouped by family in Figures 3.4-3.7. The theoretical prediction of the local
mode Hamiltonian model is placed above each experimental spectrum. These model
results will be used in the Discussion section to analyze the changes in spectra with
conformation and chain length. Here, we use these results primarily as a means of
determining and/or strengthening the conformational assignments. There are certain
common features of all spectra worth mentioning at the outset, to orient the reader. In
every spectrum, the doublet in the 2960-2970 cm-1 region is the near-degenerate pair of
asymmetric stretch transitions of the CH3 group. These bands change very little from one
sized alkylbenzene to the next. A weak band at 2883 cm-1 is also common to all spectra,
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assigned to the methyl symmetric stretch. These methyl transitions decrease in relative
intensity down the series for the simple reason that the number of CH2 groups in the chain
grows with alkyl chain length, adding to the integrated intensity of transitions due to the
CH2 groups. The spectral regions due to the CH2 groups that make up the alkyl chain
contribute intensity primarily in two regions, 2850-2890 and 2920-2950 cm-1. The lower
wavenumber region is primarily due to the CH2 symmetric stretches/Fermi resonances,
while the higher region contains both asymmetric CH2 stretch and the upper members of
the symmetric stretch/Fermi resonances. As the length of the chain grows, when the alkyl
chain is in a conformation in which many CH2 groups are in similar environments, their
site frequencies will be similar, and coupling between CH2 groups can lead to normal
modes extended over several CH2 groups, with intensities governed by the relative phases
of oscillations of the groups involved. On the other hand, if the local configuration and
environment of a given CH2 group is sufficiently distinct, as it could be in the presence of
one or more gauche defects, the local mode site frequencies of each CH can shift, leading
to partial localization of the modes.
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Figure 3.4
Experimental infrared spectra of pentylbenzene through octylbenzene for
the all-trans (a), g1 (b), and g1g2 (c) conformers (red) compared to the calculated spectra
for the same conformations (black). The blue spectrum on the all-trans pentylbenzene
carries some weight from the g3 conformer (3:1 all-trans:g3 ratio).

3.3.2.1 All-trans and g1 Conformers
The out-of-plane all-trans and g1 conformers (Figure 3.3) are the two dominant
conformers present in the LIF spectra of every molecule in the series. The UV S0-S1 origin
bands for these two conformers are located at roughly the same frequency for each
molecule in the series (Figure 3.1), and are the most intense bands in every UV spectrum.
Figures 3.4a and 3.4b present single-conformation IR spectra in the 2800-3000 cm-1 region
of the all-trans and g1 bands of pentyl through octylbenzene, respectively.
The series of all-trans spectra show the development of the fully-extended alkyl
chain conformation with chain length. These spectra differ from those in the g1 family in
fairly subtle ways, not surprisingly given the fact that a single gauche defect in g1 leads to
longer and longer tracts of trans dihedrals as the alkyl chain length grows. The asymmetric
methyl CH stretch transitions appear as a doublet at 2963 and 2969 cm-1 in the spectra of
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both conformers. The series of spectra in the two families differ most noticeably in the
2850-2870 cm-1 region, where both have a set of two experimentally resolved bands due to
the CH2 groups whose relative intensity differences are accurately predicted by the
anharmonic model calculations. The calculations also match the developments of the
spectra in the middle region of each spectrum (2920-2950 cm-1) with good accuracy. The
quality of the overall fits is sufficient to give confidence to the assignments of the two main
bands in the LIF spectra to the all-trans and g1 conformers. As we can see, small
differences between experiment and theory are accounted for, at least in part, by small
contributions from other minor conformers whose UV transitions overlap with these main
bands (Figure 3.4a).
3.3.2.2 g1g2 Conformer
The S0-S1 origin bands tentatively assigned to the members of the g1g2
conformational family are the third largest transitions in each of the UV spectra, appearing
just below the g1 origin, and slightly lower in frequency (-9 cm-1) than the assigned g1g2
origin in butylbenzene. The infrared spectra for the g1g2 conformers, shown in Figure 3.4c,
are in many ways similar to those of their all-trans and g1 counterparts. However, the g1g2
spectra differ in two characteristic ways from those in Figure 3.4a,b. First, a new band
appears at 2950 cm-1, with an intensity that is relatively strong at shorter chain lengths, and
somewhat weaker in longer chains, as would be expected of a CH2 transition. The
frequency of this transition is shifted into the gap between the main asymmetric stretch
CH2 transitions and the methyl doublets. This band is also present in the theoretically
predicted spectra, arising principally from the first CH2 group in the alkyl chain, the
benzylic CH2. Second, the symmetric stretch for this same benzylic CH2 group is similarly
shifted to higher frequency than its counterparts, producing a third band, that is weak, but
clearly visible in the experimental spectra at ~2874 cm-1, just below the CH3 symmetric
stretch band. The theoretical model also predicts the presence of this shift, but slightly
overestimates its magnitude. These characteristic features of the infrared spectra of the
g1g2 conformer provide confidence in the assignment of the g1g2 conformer to the third
major band in the UV spectra (Figure 3.1).
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Figure 3.5
g1g’4 theoretical spectrum (black) versus the experimental spectrum of
heptylbenzene taken at 37498 cm-1 (red).

3.3.2.3 g1g’4 Conformer
Heptylbenzene is the shortest molecule in the series for which a band lower in
frequency than the g1g2 S0-S1 origin band (Figure 3.1) is present with enough intensity
that its infrared spectrum could be taken. As the conformer next in energy after g1g2
(Figure 3.2), the g1g’4 conformer (Figure 3.3) is a leading candidate for the carrier of this
spectrum. The FDIR spectrum recorded while monitoring fluorescence from this band
(Figure 3.5) looks generally similar to those observed for the previous conformers: the
CH3 stretch fundamentals are present at the same frequencies, there is a significant buildup
of bands in the 2920-2950 cm-1 region due to the CH2 asymmetric stretches, and there are
three main peaks in the low frequency region of the spectrum due to the symmetric
stretches. The most significant difference between the g1g’4 spectrum and that of the
previous conformers is the presence of the band at 2910 cm-1. No analogous strong band
is present in the spectra of other conformers, making the transition a signature of the g1g’4
conformer, as the g1g’4 theoretical spectrum is the only calculated spectrum with a band
in this region.
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The model calculations in Figure 3.5 show a reasonable correspondence with
experiment, although the intensity patterns are not fully captured by the model. For
instance, the theoretical spectrum predicts a strong band at 2950 cm-1, which is present in
octylbenzene’s spectrum, but appears only as a shoulder in heptylbenzene. Despite these
deficiencies, the unique nature of the band at 2910 cm-1, when combined with the
predictions of the energy calculations, suggests the tentative assignment of the g1g’4
structure to the 37498 cm-1 band of heptylbenzene. In octylbenzene, the corresponding
transition closest in UV wavelength to its partner in heptylbenzene was not recorded due
to its weak intensity. As we shall see shortly, the band immediately to the blue is a vibronic
band of the g1g3g4 turn.

Figure 3.6
Theoretical spectra of a 1:1 ratio of the g1g3 and g1g4 conformers (black)
versus the experimental spectra of heptylbenzene (red) and octylbenzene (green) taken at
37514 cm-1.
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3.3.2.4 g1g3/g1g4 Conformer
The fifth unique S0-S1 origin transition observed in the alkylbenzene series is the
small peak located at 37515 cm between the g1g2 and g1 UV S0-S1 origins (Figure 3.1).
This UV transition is first observed in hexylbenzene, but the first molecule in which it is
sufficiently isolated for FDIR spectroscopy is heptylbenzene. The infrared spectra for this
band in both heptylbenzene and octylbenzene are shown in Figure 3.6, showing their close
similarity. Unfortunately, the FDIR spectra lack much by way of unique transitions,
preventing a completely firm assignment. Given the close proximity of the electronic
origin to the g1 and g1g2 origins, we anticipate that the conformer of interest has g1 as its
first dihedral, with only weak additional interactions with the aromatic ring. The relative
energy calculations (Figure 3.2) predict that the g1g3 and g1g4 conformers are next highest
in energy. Indeed, the calculated spectra in Figure 3.6 contain equal contributions from
g1g3 and g1g4, leading to a reasonable fit with experiment.
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Figure 3.7
Theoretical spectrum of the g1g3g4 conformer (black) versus the
experimental spectra of octylbenzene taken at 37488 cm-1 (a) and 37502 cm-1 (b).

3.3.2.5 g1g3g4: The First Folded Conformer
As noted previously, the LIF spectrum of octylbenzene presents a unique S0-S1
origin, which is shifted to the red of all others appearing at 37488 cm-1, -92 cm-1 from its
all-trans counterpart. This shift suggests a stronger interaction of the alkyl chain with the
aromatic ring. At the same time, the B3LYP-D3BJ calculations predict that the energy of
the g1g3g4 conformer drops to within 1.26 kJ/mol, nearly isoenergetic with the g1g2
conformer (Figure 3.2). The FDIR spectrum of this band in octylbenzene is shown in
Figure 3.7a, where it is compared with the predictions of the theoretical model.

The

experimental spectrum shows several unique features that set it apart from others. First,
the number of resolved bands in both symmetric stretch and asymmetric stretch regions is
significantly greater than in other conformers. Second, a strong transition appears at 2950
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cm-1, which is faithfully reproduced by the calculations. This band has been associated
with adjacent gauche defects, as is indeed the case in g1g3g4. The theoretical model also
correctly predicts the presence of three main bands in the 2920-2950 cm-1 region, as well
as the weak bands in the 2900-2920 cm-1 region, which are unresolved but clearly present
in the experimental spectrum. Finally, the theory correctly predicts the much larger number
of unique transitions in the 2850-2880 cm-1 region, where other conformers had only three
symmetric stretch bands. When combined, the close agreement of the theoretical model
with the experimental spectrum, the prediction that g1g3g4 is now a low-energy conformer,
and the shift of the electronic origin well below that of all other conformers, provide the
basis for a firm assignment of this band to the g1g3g4 conformer of octylbenzene. As
Figure 3.3 shows, this conformer has the alkyl chain folded back over the aromatic ring
where it can interact with it strongly, stabilizing its energy and leading to its unique spectral
characteristics in both the UV and IR.
Figure 3.7b presents the analogous spectrum of the band in octylbenzene at 37502 cm1

, shown in the inset of Figure 3.2. Its spectrum is identical to that at the g1g3g4 origin,

consistent with it being a vibronic band, appearing due to Franck-Condon activity in a lowfrequency mode involving motion of the alkyl chain against the π cloud, as one might
anticipate following π π* excitation.
3.3.3

Raman Spectroscopy
While considering the LIF spectra in 3.3.2, we noted the potential for conformers

such as g2 or g3 to have S0-S1 origins in the UV that are unshifted from those of the alltrans parent, and therefore would be inaccessible to study without interference from the
all-trans counterpart, which is significantly more highly populated. In order to test this
conjecture more directly, Raman spectra of the low frequency Stokes region of
hexylbenzene through decylbenzene were recorded in Göttingen, recognizing that the lowfrequency vibrations are likely to be more readily uniquely identified. Importantly, these
spectra are not conformation-specific, containing contributions from all conformers present
in the expansion. The resulting Raman spectra over the 150 to 550 cm-1 vibrational
excitation region for hexylbenzene and heptylbenzene are presented in Figure 3.8, with the
corresponding spectra of octyl and nonylbenzene presented in Figures 3.9 and 3.10. In all
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cases, comparison is made between the experimental spectra and stick spectra that report
the relative Raman intensities and unscaled wavenumber positions for the full set of low
energy conformers of each molecule, calculated at the same DFT B3LYP-D3BJ/def2TZVP
level of theory used throughout this manuscript. Calculated Raman activities Ak and
depolarization ratios Pk were converted into parallel and perpendicular polarization
fractions of the scattered light and the former attenuated by a factor of 1.5 + ̃𝜈𝑘 ·
0.0002 cm-1 due to the empirical transmission properties of the monochromator. From this
corrected Raman activity 𝐴cor
𝑘 , Raman scattering cross sections were calculated according
to [10]. An average vibrational temperature of 100 K was assumed for hot band
contributions. The cross sections were further weighted by estimated abundances based on
rigid rotor harmonic oscillator Gibbs energies at 298 K, assuming that the population was
not relaxed substantially from that in the nozzle.

Figure 3.8
Raman spectra of hexylbenzene and heptylbenzene shown with unscaled
calculated stick spectra for the low energy conformations weighted by their calculated
relative abundance at 298K. Bands assigned to conformers not observed in the UV/IR
studies are marked with asterisks.
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The calculated stick spectra of the three lowest energy conformers, all-trans, g1,
and g1g2, provide remarkably accurate predictions for most of the major bands observed
in hexylbenzene; however, there are a few bands, notably those around 255, 315, and 485
cm-1, marked with asterisks in Figure 3.8, that are not accounted for using only the three
major conformers. These bands are accounted for if we include the g1g’4 structure, as well
as the single gauche conformers g2 and g3. This lends credibility to the idea that the S0-S1
origin bands for some of the single gauche conformers, g2 and g3, are present as minor
conformers in the supersonic free jet, with S0-S1 origin transitions unshifted from their alltrans counterparts. Heptylbenzene shows this same trend, requiring the single gauche
conformers g2 and g3 for the assignment of multiple bands in the Raman spectrum (e.g.,
245, 275, 387 cm-1). There is some argument to be made for the g1g3g4 conformer
providing the best match with a couple of weak bands in this heptylbenzene spectrum;
however, there are no strong bands that require it, and as such we do not claim its presence
in heptylbenzene.
The Raman spectra for octylbenzene and nonylbenzene are shown in Figures 3.9
and 3.10. The spectral congestion associated with the increasing chain length makes it
progressively more difficult to make firm conformational assignments of many of the weak
bands in the Raman spectrum. However, in octylbenzene, there is some evidence for folded
structures like g1g3g4 being present, most notably, in the region around 275 cm-1 and at
420 cm-1, albeit with low intensity.
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Figure 3.9
The Raman spectrum of octylbenzene is shown with calculated Raman
scattering cross sections scaled using the Gibbs free energies for the low energy
conformations. The list of conformers included is not exhaustive, but instead uses only a
selection of single, double, triple, and quadruple gauche conformations.

42

Figure 3.10 The Raman spectrum of nonylbenzene is shown with calculated Raman
scattering cross sections scaled using the Gibbs free energies for the low energy
conformations. The list of conformers included is not exhaustive, but instead uses only a
selection of single, double, triple, and quadruple gauche conformations.
3.4

Discussion
The primary motivation for this work was to examine the conformational

preferences of longer alkyl chains linked to an aromatic ring in the prototypical case of the
n-alkylbenzenes. Using a combination of LIF excitation spectra, single-conformation IR
spectra in the alkyl CH stretch region, Raman spectroscopy, and dispersion-corrected DFT
calculations, our results on pentyl through octylbenzene have shed light on three important
issues: (i) the evolution of the conformational landscape of alkylbenzenes as the alkyl chain
length increases, (ii) the earliest appearance of a folded structure in straight chain
alkylbenzenes, and (iii) the spectroscopic signatures and CH stretch site frequencies of
specific conformations, as revealed by the anharmonic local mode Hamiltonian model used
to assign the spectra.
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3.4.1

Conformational Preferences of the Alkyl Chain in Alkylbenzenes

3.4.1.1 General Features of the Conformational Landscape
In this series of alkylbenzenes, we see a steady increase in the number of resolved
conformations as the chain length increases. The UV spectrum is itself a sensitive indicator
of the interactions of the chain with the phenyl ring: the all-trans conformer (Figure 3.3)
has its S0-S1 origin furthest to the blue in the S0-S1 UV spectrum (Figure 3.1), while the g1
conformer, with a single gauche defect about the first alkyl chain dihedral, results in a redshift of 62 cm-1 in its origin band, almost independent of the length of the all-trans alkyl
chain that follows this gauche defect. These two electronic origins are nearly the same
size, indicating similar populations, and consistent with the B3LYP-D3BJ calculations,
which show the g1 conformer nearly isoenergetic with all-trans. By contrast, in pure
alkane chains, isolated gauche defects raise the energy of the chain by ~2.5 kJ/mol. As
Figure 3.2 shows for octylbenzene, CH2(3) engages in a stabilizing CH…π interaction,
which affects the UV and lowers the energy of g1 so that this first gauche defect can occur
with no energetic penalty.
Gauche defects that occur at positions further down the alkyl chain are energetically
more costly. As expected based on the pure alkanes, the single-gauche conformers g2, g3,
etc., are 2.5-3.0 kJ/mol less stable than the all-trans and g1 conformers. The energy level
diagrams in Figure 3.2 are divided into sub-groups differing in the number of gauche
defects, with the lowest energy structures with 2, 3, and 4 gauche defects in heptylbenzene
having energies 1.2, 2.9, and 3.6 kJ/mol less stable than the global minimum, indicating a
degree of stabilization of more tightly folded structures.
Over the entire pentyl- to octylbenzene series, the g1g2 conformer is third lowest
in energy, appearing 1.2-1.5 kJ/mol above the global minimum (green line in Figure 3.2).
Its S0-S1 origin appears –6 cm-1 from the g1 origin, shifted slightly due to the reorientation
of CH2(3) in accommodating a second gauche dihedral of the same sign. The stabilization
of adjacent gauche defects of the same sign is also characteristic of pure alkanes, and is
referred to as the ‘positive pentane effect’, since it appears first in pentane. By contrast,
g1g’2 has a calculated energy 5.6 kJ/mol above the global minimum, destabilized by 4.0
kJ/mol compared to g1g2 (and therefore above the energy cut-off in Figure 3.2) due to
steric effects between Ci and Ci+4, where Ci is the first carbon involved in the gauche
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defects, when adjacent gauche defects have opposite sign. In the infrared, the g1g2
conformer possesses a characteristic transition at 2950 cm-1, showing up in the gap between
the CH2 asymmetric stretch (AS)/symmetric (SS) FR peaks (2920-2940 cm-1) and the
methyl AS doublet (2963/2969 cm-1).
Beginning with hexylbenzene, the g1g’4 conformer (Figure 3.3) is next in energy
(2.3 kJ/mol, Figure 3.2), stabilized slightly compared to its g1g4 counterpart, which is at
an energy (2.7 kJ/mol) expected of single gauche defects in pure alkyl chains. The slight
stabilization of g1g’4 relative to g1g4 is opposite to that found in next-nearest-neighbor
gauche defects (e.g., g1g’3 higher in energy than g1g3), suggesting that the g1g’4 alkyl
chain gains additional stabilization from dispersive interactions with the π cloud, perhaps
transmitted from C(3) to C(6) (Figure 3.2)7.

Figure 3.11 Comparison of the hairpin turn observed in the pure alkanes by the Suhm
group (A) versus the turn observed in octylbenzene (B).
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3.4.1.2 The g1g3g4 Fold in Octylbenzene
Arguably the most important finding of the present work is the detection and
characterization of the g1g3g4 fold, first appearing with measurable intensity in
octylbenzene. The work of Suhm and co-workers on pure, straight-chain alkanes presented
evidence of a folded structure utilizing a (gi-2, gi-1, t, gi+1, gi+2) hairpin motif beginning at
approximately n=17/18, with hairpin structures quickly becoming the dominant
conformational motif above n=2010. In all of the straight-chain alkanes with n<20, the fully
extended all-trans structure is the main conformational motif. In order to maximize
dispersive attractions between the two legs of the hairpin, the fold occurs at or near the
center of the chain, so that the two legs are nearly equal in length.
The alkylbenzene series appears to follow the same trend, with extended structures
with either no gauche defect (all-trans) or a single gauche defect about the C(1)-C(2) bond
(g1) dominating the conformational distribution up to heptyl and octylbenzene. The LIF
spectra of decylbenzene, undecylbenzene and dodecylbenzene (Figure 3.12) show
significantly increased absorption intensity in transitions to the red of the main bands,
where folded structures are anticipated to appear, suggesting a rapid increase in the
population of folded structures similar to that observed in the pure alkanes.
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Figure 3.12 UV spectra for decylbenzene, undecylbenzene, and dodecylbenzene. These
spectra show the rapid increase in activity below 37500 cm-1 as the chain length increases
beyond eight carbon atoms.

The shortest chain alkylbenzene in which a folded structure is observed is
significantly shorter than the first observed folded structure of the pure alkanes, with the
alkylbenzenes first folding at a chain length of 8 (octylbenzene), approximately half the
length of the first fold in the pure alkanes (Figure 3.8). There are two main differences
between the alkylbenzenes and alkanes that result in the earlier folding in the former case.
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First, the energetic cost of the turn is significantly reduced when it begins
immediately adjacent to the phenyl ring. The reader will recall that in pure alkanes, relative
to an all-trans structure, each gauche defect raises the energy by approximately 2.5 kJ/mol,
with the four-gauche turn thereby requiring up to 10 kJ/mol, due to the pentane effect. This
destabilization is compensated by the stabilization associated with the dispersive
attractions between the all-trans segments on either side of the turn, which the turn brings
into perfect alignment with one another, as shown in Figure 3.9a. In octylbenzene, the
g1g3g4 turn has the C(ortho)-C(ph)-C(1)-C(2) dihedral nominally perpendicular.
However, its actual value is 67o, so that a more proper label might be ‘g0g1g3g’4’ if we
label this dihedral ‘0’ using our nomenclature, which is quite close to its pure alkane ideal
of 60o. Thus, it is in effect the same turn as in the pure alkanes, as shown in Figure 3.13,
where the two structures are overlaid on one another.
Since the out-of-plane orientation of the alkyl chain is common to all low-energy
structures of the alkylbenzenes, the ‘g0’ defect is not actually a defect, but a distinct
preference. Furthermore, the energy of the g1 conformer is nearly isoenergetic with alltrans, indicating that the C(ph)-C(1)-C(2)-C(3) dihedral occurs at no cost in energy, due to
the stabilizing interaction of CH2(3) with the aromatic π cloud (see Figure 3.3). The two
remaining gauche defects, g3 and g4, are on adjacent carbons and are of the same sign,
reducing their energy slightly relative to non-adjacent defects. In essence, the
conformational energy penalty is reduced by a factor of two compared to alkanes.
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Figure 3.13 Alkane folded structure overlayed with the g1g3g4 structure of
octylbenzene. This overlay shows the similarity in the hairpin turns observed in both the
pure alkanes and octylbenzene.

Second, formation of the turn brings the alkyl chain back over the aromatic ring
where it can experience dispersive interactions with the π cloud at C(5)-C(8), as shown
most clearly in the top view of the structure in Figure 3.9b. In this sense, the phenyl ring
substitutes for one leg of the all-trans chains, but provides a set of CH…π type C…C
interactions that are stronger than those between alkyl chains. In addition, the aromatic
ring itself is less restrictive in its requirements on the turn, providing a wider swath of
angles for stabilization of the single alkyl chain.
As Figure 3.2 shows, the g1g3g4 conformer drops from 3.6 kJ/mol above the global
minimum in hexylbenzene to 2.9 kJ/mol in heptyl-, and on down to 1.0 kJ/mol in
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octylbenzene, where it is first clearly observed experimentally. This makes clear that the
stabilization provided by the ring is a cumulative effect due to interactions that extend
beyond C(6), which is nearly ring-center, to C(7) and C(8) that interact primarily with the
edges of the ring (Figure 3.9b).
3.4.1.3 Entropy Effects and Equilibrium Populations
One initially puzzling aspect of the identification of the g1g3g4 conformer in
octylbenzene is the weak intensity of the transitions in the LIF spectrum ascribed to this
conformer, given its calculated relative energy only 1.0 kJ/mol above the global minimum,
nearly isoenergetic with the g1g2 conformer. While there are many reasons that could
contribute to lack of correspondence between S0-S1 origin intensity and the fractional
abundances (e.g., differences in Franck-Condon activity, or S1 fluorescence quantum yield),
these appear to be minor in the alkylbenzenes in that low-frequency vibronic activity is
typically small, and measured S1 lifetimes are nearly identical.

Contributions from

conformers whose electronic origin transitions are unresolved also needs to be taken into
account, but changes the results only modestly. Even after taking account of these effects
and the unusually intense low-frequency Franck-Condon progression in g1g3g4 (marked
by a tie line in Figure 3.1), the integrated intensity of the g1g3g4 conformer is surprisingly
small given its low relative energy. This is also confirmed by the Raman spectra up to
nonylbenzene (Figure 3.10), which do not show major contributions from g1g3g4, either.
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Table 3.1
Relative Gibbs free energies of the low energy conformers of octylbenzene
and nonylbenzene.

However, the tight fold of the g1g3g4 conformer leads to an entropic penalty that
significantly reduces its equilibrium population at the pre-expansion temperature. Indeed,
as Table 3.1 shows, the relative Gibbs free energy of g1g3g4 at 298 K, ∆G(298), is 6 kJ/mol
above the all-trans free energy global minimum. If the barriers separating conformers of
the alkyl chain are large enough relative to kT (2.48 kJ/mol at 298 K), the pre-expansion
populations will be essentially frozen in during the cooling in the expansion. We have
calculated select barriers involving isomerization about single C-C bonds, and find them
to be in the 12-15 kJ/mol range (about 5kT), and consistent with the work of Klauda et al.20
on pure alkanes. Thus, we anticipate that the downstream populations in the expansion
will partially reflect the equilibrium populations prior to expansion.
3.4.2

Interpreting the Alkyl CH Stretch Spectra via the Model
One of the particular strengths of the anharmonic local mode Hamiltonian model

used to model the single-conformer alkyl CH stretch infrared spectra is that it provides a
ready means of extracting physical insight regarding the major factors contributing to
unique IR bands appearing in the spectra. A first level of understanding develops simply
from consideration of the uncoupled site frequencies for each of the CH stretch oscillators
in the alkyl chains. These appear as diagonal elements in the Hamiltonian matrix that
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contains entries for each of the CH fundamentals and scissors overtones and combination
bands.

.

Figure 3.14 Dipole decomposition of the theoretical spectrum of decylbenzene (a). The
two major delocalized asymmetric modes of the all-trans conformer of decylbenzene are
displayed as well (b).

3.4.2.1 Site Frequencies and Spectroscopic Signatures in the All-trans Conformers
The high symmetry of the alkyl chains in the all-trans conformers makes them a
natural starting point for interpretation via the model, since they give rise to particularly
simple spectra (Figure 3.4a) with a common set of transitions whose intensities change
smoothly with increasing alkyl chain length. We have also recorded the FDIR spectrum
of the all-trans conformer of n-decylbenzene, shown in Figure 3.10a, since this long chain
has nine CH2 groups that more nearly reflect the long-chain limit for the all-trans series.
One initially puzzling aspect of the spectrum of decylbenzene is the presence of two
dominant transitions in the symmetric stretch asymmetric stretch region (2920-2940 cm-1)
rather than the single transition expected of an infinite all-trans chain. Deeper insight into
the origin of each of the peaks can be found via a dipole decomposition, much as was done
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for propyl and butylbenzene spectra in earlier work.6 In those cases, the dipole
decompositions were obtained by computing a series of model spectra in which only one
CH2 or CH3 group's local mode stretches were allowed to carry oscillator strength.
However, since the all-trans conformer of n-decylbenzene contains numerous consecutive
CH2 groups that are nearly equivalent, a dipole decomposition that examines one CH2
group at a time misses the important constructive and destructive interferences between
groups that lead to the final spectrum.
Thus, in the all-trans conformers, we selectively extract components due to the
symmetric or asymmetric stretches rather than individual CH2 groups. The dipole
decomposition in these terms is shown in Figure 3.10a, in which the two intense features
in the 2920-2940 cm-1 region are primarily due to two bright asymmetric stretch
fundamentals. Since the asymmetric stretches are not Fermi-coupled, the nature of these
two bright states can be elucidated from this more nearly normal mode picture. The higherfrequency asymmetric stretch bright state involves contributions primarily from the two
CH2 groups immediately adjacent to the phenyl ring (Figure 3.10b), with diminishing inphase contributions from the remaining CH2 groups further down the chain. The vibration
responsible for the other bright state, about 25 cm-1 lower in frequency, comes from the inphase asymmetric stretches from the remaining set of CH2 groups further down the chain
remote from the phenyl ring or CH3 group. These stretches are out of phase with the phenyladjacent CH2, ensuring orthonormality of the states. We see then, that the primary reason
that there are two bright asymmetric combinations instead of one (as would be anticipated
in a simple one-dimensional Hückel model) is due to edge effects. The phenyl ring raises
the local mode frequencies of the first two CH2 groups sufficiently to lead to a splitting of
the bright states in two.
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Figure 3.15 Site frequencies for the all-trans conformers (a) and the observed
conformers of octylbenzene (b).

The site frequencies in the all-trans CH2 groups as a function of position relative to
the phenyl ring are shown in Figure 3.11a for the full set of alkylbenzenes of interest here,
from n-pentyl through n-decylbenzene. Since the two CH groups on each carbon atom are
in equivalent positions in the all-trans conformers, a single site frequency is associated
with each CH2(n). The edge effects are immediately apparent from Figure 3.15. On the
phenyl ring end of the alkyl chain, the benzylic CH2(1) and CH2(2) are shifted to higher
wavenumber to 2912 and 2904 cm-1, respectively, +23 and +15 cm-1 above the value of the
central CH2 groups in the chain (2889 cm-1). Similarly, the methyl group affects a single
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CH2 group immediately adjacent to it, which is characteristically at 2898 cm-1, a +9 cm-1
shift. Thus, in the alkylbenzenes, the number of CH2 groups unaffected by edge effects is
three shorter than the CH2 total and four shorter than the number of carbon atoms in the
alkyl chain as a whole (e.g., 6 CH2 groups in decylbenzene).
The difference in site frequencies depicted in Figure 3.11a translates directly into
the degree of delocalization of the asymmetric CH2 stretch fundamentals, splitting up the
alkyl chain into the pair nearest to the phenyl ring, the central CH2 groups, and the single
CH2 adjacent to the terminal CH3 group. Coupling between CH2 groups on the two edges
is negligible, while even minor inter-CH2 coupling leads to delocalization of the vibrations
in the unperturbed central group. The all-trans conformers thus enable refinement of the
magnitude of the scaling stretch coupling between different carbons, as mentioned in the
theoretical methods section. In all-trans n-pentylbenzene, there is a single ‘central’ CH2(3),
and the four AS CH2 modes divide into the benzylic coupled pair (which constructively
interfere to dominate the spectrum), and two single CH2 groups at lower wavenumber. As
the number of nearly equivalent CH2 groups grows, the bright AS CH2 band at lower
frequency grows in intensity, as anticipated, until it dominates the spectra for the longest
alkyl chains, as shown in Figure 3.10a for n-decylbenzene. Similar arguments hold for the
bright pair of symmetric stretch fundamentals (2862 and 2869 cm-1), with the added
complication of the Fermi resonances with the scissors overtones.
3.4.2.2 Site Frequencies and Spectroscopic Signatures for Gauche Defects and the g1g3g4
Turn
Figure 3.11b presents the analogous local mode site frequencies for individual CH
oscillators of the g1, g1g2, g1g’4 and g1g3g4 conformers of octylbenzene. The all-trans
results are included in the graph, connected by a solid line, in order to facilitate ready
comparison with this limiting case. The g1 conformer follows the same trends as in alltrans, except for the CH group involved in the CH…π interaction (CH(3)), which is shifted
up in frequency by 23 cm-1 to 2913 cm-1, a value close to that in CH2(1). This frequency
increase has been noted in several other contexts in which CH groups are involved in
CH…X interactions with an electron-rich acceptor (e.g., O, N, halogen) , commonly
referred to as a ‘blue-shifted hydrogen bond’7. Here we see that this ‘blue-shift’ carries
over to intramolecular interactions between an alkyl chain and an aromatic π cloud. The
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presence of the g1 defect thus extends the number of coupled CH groups on the phenyl end
of the chain by an additional CH, but doesn’t otherwise shift the frequencies of the bright
CH stretch modes appreciably. This leads to spectra for the g1 conformers that are
surprisingly similar to their all-trans counterparts (Figure 3.4b).
The g1g2 conformer is the first and lowest-energy example of a structure in which
two adjacent gauche defects are present. In this conformer, the CH(1) oscillator on the
same side as the all-trans segment of the carbon backbone, has its vibrational site frequency
pushed up to 2935 cm-1, +46 cm-1 above the typical mid-chain all-trans CH2 (2889 cm-1).
This large shift can largely be attributed to a steric effect between the two CH stretches on
C1 and C4, respectively. The distance between these H atoms is about 2.31 Å. In the alltrans case, the phenyl-adjacent local mode site frequencies are both 2911 cm-1, so the steric
interaction between the C1 and C4 CH stretches shifts the frequency by an additional 24
cm-1 on the C1, and a corresponding shift up to 2910 cm-1 is seen on its steric partner. This
leads to a characteristic IR transition at 2950 cm-1 that is the clearest spectral signature of
the presence of adjacent gauche defects.
The g1g3g4 turn structure shows several characteristic spectroscopic signatures that set
it apart from all other conformers of octylbenzene, including a well-resolved band at 2955
cm-1, a triad of peaks in the CH2 AS region, greater absorption intensity in the 2900-2920
cm-1 region, and a set of five well-resolved transitions in the CH2 SS region. While most
of the transitions are mixtures of contributions from several CH2 groups, the site
frequencies for g1g3g4, shown in Figure 3.11b, reflect the unique environments of the CH2
groups in the turn structure and contribute to a greater degree of localization of the CH2
stretch modes than in the non-turn structures. The unique site frequencies are most notable
in the C(1)-C(3) series involved in the turn, where one of the CH groups is pushed up in
frequency from 2918 to 2927 to 2935 cm-1. The 2935 cm-1 site frequency is a result of the
strong CH…π interaction of CH2(3), and contributes most (coefficient of 0.73) to the 2955
cm-1 transition in the full spectrum. The site frequency of CH2(2) is shifted up in frequency
due to a C(1)-C(2) dihedral of 65.7o, and is primarily responsible for the strong band at
2947 cm-1 in the full spectrum. Similar to the effects in the g1g2 spectra, the site frequency
is shifted up due to steric interactions. Here the shortest H-H distance is between the C(2)
and C(5) sites at 2.16 Å. Interestingly, both of the C(5) site frequencies are shifted up from
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their all-trans conformer value of 2890 cm-1; the C(5) CH stretch that is close to the C(2)
is shifted up to 2902 cm-1, but the other site frequency associated with the CH stretch that
points away from the ring is also shifted up to 2898 cm-1. Importantly, CH2(6) is also
shifted to high frequency (2924 cm-1), and contributes to the middle band of the CH2 AS
triad. This shift to higher frequency arises from a second strong CH…π interaction, since
CH2(6) site directly over the middle of the phenyl π cloud. This shift contributes to a
localization of the CH2 vibrations in the remaining trans segments of the alkyl chain
(CH2(4), CH2(5), CH2(7)), which also leads to several prominent, distinct features in the
2900-2920 cm-1 region, similar to what the localization did for the signature peak in the
heptylbenzene g1g’4 conformer. Several of the features discussed here for the g1g3g4 turn
are reflected in extra CH Raman intensity for folded structures observed for the longer pure
alkanes, in particular between 2900 and 2950 cm-1 (Figure 11 in Ref. 10).

3.5

Conclusions
The present study used a combination of electronic frequency shifts, single-

conformer alkyl CH stretch infrared spectra, dispersion-corrected DFT energies, and lowfrequency Raman spectra, to assign the observed UV transitions to specific conformers of
alkylbenzenes in the size range from pentyl to octylbenzene. The FDIR spectra presented
an opportunity to apply and refine the local-mode based anharmonic model of the alkyl CH
stretch/scissor overtone region.
The alkylbenzenes are challenging molecules on which to apply singleconformation spectroscopy, since the IR-UV double resonance methods used require
unique UV transitions to obtain truly conformation-specific IR spectra. The S0-S1 origins
are sensitive to the first dihedral, but increasingly insensitive to gauche defects further from
the aromatic ring. This causes small contributions from higher-energy conformers to
contribute to some of the spectra.
However, a primary goal of the present work was to identify and characterize folded
chain structures in which the chain comes back over the phenyl π cloud. This additional
interaction with the aromatic ring shifts the S0-S1 origin of turn structures to the red of the
all-trans and g1 conformer origins, where single-conformer spectroscopy is possible
without interference. In octylbenzene, a UV transition shifted –92 cm-1 from the all-trans
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origin was assigned to the g1g3g4 turn. Its infrared spectrum was unique in several respects
due to the shifts to higher frequencies of several of the CH site frequencies, which led to
greater localization of the CH2 transitions than in most other conformers.
It will be interesting to see how this and competing turn structures evolve with
increasing alkyl chain length. Cursory LIF spectra of decyl, undecyl, and dodecylbenzene
(Figure 3.12) show a number of transitions shifted well to the red of the non-folded
electronic origins, motivating future work to characterize them.
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INFRARED-ENHANCED FLUORESCENCE-GAIN
SPECTROSCOPY: CONFORMATION-SPECIFIC EXCITED
STATE INFRARED SPECTRA OF THE ALKYLBENZENES

4.1

Introduction
Single conformer infrared spectroscopy of cold, isolated molecules provides

structural information that enables determination of the most stable conformations taken
by the molecule of interest6, 21-24. When the molecules possess OH and NH groups, the
local hydrogen bonding environment of each hydride group can be determined by
comparing single conformation experimental spectra with the predictions of scaled,
harmonic frequencies and infrared intensities21, 25-26. Until recently, the CH stretch region
of the infrared spectrum had been of limited use as a spectroscopic tool due to the
anharmonic coupling of the CH stretch fundamentals with the overtones of the CH2 and
CH3 bending modes, also known as stretch-bend Fermi resonances. This coupling renders
standard harmonic calculations ineffective for predicting the spectra in this region;
however, the recent development by the Sibert group of a local mode approach to the CH
stretch region that accounts for these couplings has proven successful in matching singleconformer spectra in this region6, 23-24, 27-28. This method has been shown to accurately
predict the CH stretch region of the infrared spectrum of a number of alkyl-containing
hydrocarbons23-24, including straight-chain alkylbenzenes from ethylbenzene through
decylbenzene6, 27. The high quality, single conformation experimental spectra required to
develop, test, and refine this model were collected using IR-UV double resonance
techniques.
To obtain single-conformer infrared spectra in the ground electronic state, the IR
laser is spatially overlapped but temporally precedes the UV laser, typically by 200 ns. The
UV laser is fixed at a frequency that is resonant with the S1←S0 origin transition of a single
conformation of the molecule of interest, providing a constant fluorescence signal that
monitors the ground state zero-point level population of that conformer. The IR laser is
then tuned over the region of interest, in this case the alkyl CH stretch region (2800-3000
cm-1). When the IR frequency is on resonance with a vibrational transition from a state
being probed by the UV laser, some of the population is removed from the conformational
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zero-point level by absorption. This results in a partial depletion of the fluorescence signal
generated by the UV laser. By setting the IR laser to fire at half the repetition rate of the
UV laser, an alternating set of IR-on/IR-off data points is generated. By collecting these
data through a gated integrator set in active baseline subtraction mode the difference signal
generated by the IR source can be recorded and plotted against infrared frequency. This
generates a single conformation infrared spectrum for the ground state conformer being
probed by the UV laser. This technique has been utilized in many groups in the past with
great success.29-31 Analogous experiments can be performed using R2PI techniques, which
allows for mass-selectivity.32
Excited state infrared spectra can be acquired with a similar scheme, but instead of
the infrared laser temporally preceding the UV laser, the IR laser arrives after the UV laser,
within the molecule’s excited state lifetime. When the IR laser is on resonance with a
vibrational transition out of the monitored excited state zero-point level, absorption occurs
to levels well above the origin (2800-3000 cm-1 for the CH stretch region). When the
molecules are isolated in the gas phase, these high-lying levels will typically undergo
intramolecular vibrational relaxation to the dense manifold of S1 vibrational levels at that
energy, conserving the overall energy. In addition, in the vast majority of molecules,
population in these energy levels, far above the electronic origin, undergoes fast nonradiative decay processes, leading to a drop in the fluorescence quantum yield. This results
in a depletion of the fluorescence decay profile at times after the IR laser fires. Since
depletion in fluorescence signal is observed whenever an excited state IR transition of the
monitored conformer is encountered, tuning the IR laser provides a conformer-specific
excited state IR spectrum. Conformer-specific excited state IR spectra provide
complementary structural and dynamic information to their ground state counterparts.33-34
First, comparison of the excited state IR spectrum of a particular conformer to that of the
ground state shows perturbations when the frequencies of the IR transition(s) are shifted
by electronic excitation of the UV chromophore responsible for the excited state.35 This
constitutes a structural clue that the moiety responsible for the IR absorption (e.g., the XH
bond in the XH stretch fundamental region) is in close proximity to the UV chromophore.
Second, by choosing different vibronic levels during the UV excitation step, it is possible
to record IR spectra at well-defined energies above the electronic origin. Changes in the
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spectrum with increasing vibrational energy can indicate the onset of various excited state
dynamical processes, such as intramolecular vibrational redistribution (IVR) or
isomerization36. Finally, there are times when particular IR transitions are selectively
missing from the excited state spectrum, indicating the coupling of the group to a
dissociative channel.37

In the present paper, we report a novel scheme for recording

excited state IR spectra in alkylbenzenes and related molecules, which also sheds light on
the photophysics of vibrational levels lying high up in the vibrational manifold in the S 1
excited states of these molecules.
During the course of a recent study of the conformer-specific CH stretch infrared
spectra of the straight-chain alkylbenzenes, we pursued excited state IR spectra with the
goal of testing whether the local mode anharmonic model developed for the ground
electronic state would transfer successfully to the excited state spectra. The alkylbenzenes
are well-suited to obtaining conformer-specific IR spectra in the S1 electronic excited state,
because the excited state lifetime of the phenyl ring is long (~130 ns) compared to the 6-8
ns pulse duration of the Q-switched Nd:YAG lasers used to pump the dye laser and infrared
optical parametric converter used for UV-IR double resonance.

4.2

Experimental
The samples were entrained in ~3 bar of helium and were pulsed into a vacuum

through an 800 μm dia. orifice (Parker General Valve Series 9) to produce a supersonic jet
expansion. Laser-induced fluorescence detection scheme was used to record the S 1←S0
excitation spectrum for each molecule. Ethylbenzene and propylbenzene were purchased
from Sigma Aldrich, Ac-Phe-NHMe was purchased from VWR. Ethylbenzene and
propylbenzene were studied without heating, Ac-Phe-NHMe was heated to 160˚C in order
to generate sufficient vapor pressure for our studies. An IR-UV double resonance scheme
was then utilized to record the excited state single conformation CH stretching spectra for
ethylbenzene. This experiment was performed by fixing the wavelength of the 20 Hz UV
laser on the S1←S0 origin band for ethylbenzene. The 20 Hz UV laser preceded a 10 Hz IR
laser by 50 ns while the IR laser was scanned over the alkyl CH stretching region of the
infrared spectrum (2800-3000 cm-1). A difference spectrum was recorded by passing the
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total fluorescence signal through a gated integrator working in active baseline subtraction
mode. Whenever the infrared laser was resonant with a vibrational transition of the excited
state being pumped by the UV laser a gain in total fluorescence was observed, which, after
passing through the gated integrator, produced the infrared spectrum of interest. A dip
spectrum of the excited state was also obtained by setting the gate after the enhanced
fluorescence (Figure 4.1).

4.3

Results and Discussion
Figure 4.1 shows the time-dependent fluorescent signals with the UV laser fixed on

the S0-S1 origin transitions of ethylbenzene and one of the main conformers of Ac-PheNHMe38-39, with the IR OPO delayed by 45 ns and resonant with an infrared transition in
the excited electronic state. While the expected depletion in fluorescence signal is
observed at long times (>90 ns), a distinct gain in fluorescence signal is observed
coincident with IR excitation.
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Figure 4.1
Fluorescence lifetime scans of ethylbenzene (a) and the C5 conformer of
Ac-Phe-NHMe (b), both with the IR laser off (blue) and with the IR laser on (red). When
acquiring a gain spectrum the gate is set over the enhanced signal (red box), while acquiring
a depletion spectrum the gate is set after the enhanced signal (blue box).

This gain phenomenon has been observed in previous work by Ebata et al.34 and
Matsumoto et al.33, in which S1 gain signal was observed in aniline and 2-naphthol,
respectively. In these cases the additional light generated by the introduction of the infrared
laser was detected using a monochromator, where they observed a broad gain in signal
higher in energy than the UV excitation wavelength. This study further explores this gain
phenomenon using complementary techniques to those utilized in the previous work.
The additional fluorescence was only present when the IR laser was on resonance
with a vibrational transition in the excited state. As the inset in Figure 4.1 summarizes, the
time-dependent fluorescence signal of ethylbenzene can be fit by adding to the
fluorescence decay signal (∆ = 130 ns) an additional component with an 18 ns decay that
begins with IR excitation. A similar effect is observed in Ac-Phe-NHMe, although smaller
in magnitude, indicating that this process is generalizable to a range of functionalized
alkylbenzenes.
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Spectra taken by gating over this gain peak are identical to those collected when
gating over the depletion, but with a significantly improved signal-to-noise ratio in the case
of ethylbenzene, as shown in Figure 4.2a. As a result, conformation-specific excited state
infrared spectra of a representative sample of spectra of the conformations of the
alkylbenzenes were recorded using the fluorescence gain signal.

Figure 4.2
Infrared spectra taken while gating over the increased fluorescence (red)
versus the spectrum obtained while gating over the dip (blue) in the CH stretch region of
ethylbenzene (a) and the NH stretch region of Ac-Phe-NHMe (b).

In order to understand better the excited state processes responsible for the additional
fluorescence, the following tests were devised. One possibility is that the IR-enhanced
fluorescence arises from a different state than S1 following a non-radiative process (Figure
4.1 inset, in brown) that produces an electronic state or photoproduct that subsequently
fluoresces when IR-excited. To test this possibility, a series of ethylbenzene fluorescence
decay profiles were recorded with IR excitation delayed by 25 to 185 ns from the UV pulse,
in 10 ns increments. The fluorescence signal in the absence of IR was subtracted from
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each trace to obtain a difference signal due to the IR-enhanced fluorescence. The result is
shown in Figure 4.3a). The intensity of the infrared-induced fluorescence follows the
fluorescence decay profile of the S1 origin of ethylbenzene, and hence the population of
the S1 state origin. As a result, IR excitation occurs out of the S1 zero-point level of each
conformer, and not some other state.

Figure 4.3
a) The difference of the IR on and IR off scans are plotted for each timing
(solid lines) versus the fluorescence trace of a UV only scan (dashed line) and b)
fluorescence traces taken using different longpass filters. The filters used were 280 nm (A),
305 nm (B), 340 nm (C), and 360 nm (D).

A second means of characterizing the source of the IR-enhanced fluorescence is to
determine its emission spectrum, so that it can be compared to that of the S 1 origin.
However, we were unable to record a meaningful emission spectrum for the IR-enhanced
fluorescence using the monochromator and intensified CCD we use for dispersed
fluorescence spectra due to the wavelength breadth of the emission. Instead, we employed
a simpler test by recording fluorescence lifetime traces using a set of wavelength long-pass
filters with increasing wavelength cut-offs from 280 to 360 nm. This enabled a comparison
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of the fraction of the UV-only fluorescence that occurs to the red of a given wavelength
relative to the IR-enhanced fluorescence. As Figure 4.3b shows, as the wavelength of the
long-pass filter was increased, the ratio of IR-enhanced fluorescence to UV-only
fluorescence also increased, indicating that a greater proportion of the IR-enhanced
fluorescence is shifted well to the red of the excitation wavelength than the emission arising
from the S1 origin. By contrast, Ebata et al. observed a broad, higher-energy emission,
albeit at very low intensity. It should be noted that the total fluorescence decreased
significantly as the cut-off wavelength of the long-pass filters increased, indicating that a
majority of the IR-enhanced fluorescence is at similar wavelengths to the UV-only
fluorescence with an additional component that is at longer wavelengths. We surmise on
this basis that the IR-excited fluorescence is S1-like in its overall emission profile, but with
a somewhat more intense tail at longer wavelength.
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Figure 4.4
S1-FGIR spectra for the two conformers of propylbenzene (a), the two main
conformers of butylbenzene (b), and the three observed conformers of pentyl (c) and
hexylbenzene (d) in the alkyl CH stretch region.

Using this fluorescence gain scheme, we recorded S1 excited state IR spectra of C6H5CH2-CH3, C6H5-CD2-CH3, the two conformers of propylbenzene (trans and gauche), the
two main conformers of butylbenzene, and the three observed conformers of pentyl and
hexylbenzene in the alkyl CH stretch region (Figure 4.4). The experimental spectra for
ethylbenzene and C6H5-CD2-CH3 are shown in Figure 4.5, where they are compared with
the predictions of the anharmonic local mode model used by Tabor et al. to assign the
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ground state spectra6. Following excited state geometry optimization, the ground state
model coupling parameters were used without change after incorporating the local mode
site frequencies for the excited state. The scaling factors that enter the model Hamiltonian
were originally parameterized for three different density functional methods: B3LYP,
B3LYP-D3, and ωB97X-D, all with the 6-311++G(d,p) basis set and also for MP2/aug-ccpVDZ. These levels of theory have been successfully applied to other ground state
molecules containing alkyl chains27,

40

. The results of the model at the ωB97X-D/6-

311++G(d,p) level of theory are shown in Figure 4.5, which account for the experimental
excited state infrared spectra in significant detail. Notably, the model parameters at this
level of theory also appear to transfer from the ground state to the excited state with high
fidelity. The spectrum for the partially deuterated ethylbenzene sample has absorptions
due solely to the terminal methyl group (Figure 4.5a).

In the fully hydrogenated

isotopomer (Figure 4.5b), the local site frequencies of the benzylic CH2 group are shifted
lower in frequency by 13 cm-1 upon ππexcitation, while the local frequencies of the
scissor overtones also drop in frequency by about 18 cm-1. The triplet of bands due to
symmetric and antisymmetric stretch fundamentals and the scissor overtones are shifted
from their ground state values, producing a spectrum significantly different than its ground
state counterpart (Figure 4.5c). The success of the model bodes well for future studies of
excited state IR spectra in the alkyl CH stretch region.
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Figure 4.5
Theoretical fits for the excited state infrared spectra of C6H5CD2CH3 (a) and
ethylbenzene (b) are shown in red. This theoretical fit uses the ωB97X-D/6-311++G(d,p)
model Hamiltonian. The ground state spectrum of the hydrogenated ethylbenzene is shown
(c), with the shifts in the CH2 groups shown in blue.

4.4

Conclusions
In summary, an alternative scheme for recording conformation-specific infrared

spectra of molecules in their electronically excited states has been developed.

In

alkylbenzenes, infrared excitation out of the S1 state zero-point level of a given conformer
leads to an increase in fluorescence rather than the fluorescence depletion characteristic of
many molecular excited states. This IR-enhanced fluorescence is almost ten-times shorterlived than the S1 origin fluorescence, and can be selectively detected through its red-shifted
emission tail. The body of evidence points to the emission as arising from S 1(v) levels
following intramolecular vibrational redistribution (IVR) to the low-frequency modes of
the alkyl chain tail. Excitation in the alkyl CH stretch region places 2800-3000 cm-1 of

72
vibrational energy in the conformer. While initial excitation is to CH stretch/scissors
overtones of the conformer out of which excitation occurs, excess energies in this regime
are well above the anticipated barriers to isomerization of the alkyl chain. In ethylbenzene,
the ethyl group prefers an out-of-plane geometry for the methyl group; however,
geometries in which the ethyl chain is in-plane are energetically accessible, and may
contribute to the red-shifted emission produced by IR excitation.
The presence of this IR-enhanced fluorescence has been observed in the nalkylbenzenes, but also appears more weakly in the model phenylalanine-containing
peptide, Ac-Phe-NHMe (with structure in Figure 4.1). In Ac-Phe-NHMe, the phenyl ring
is attached to the peptide backbone through a two-carbon alkyl chain in which C(α) is a
part of the peptide backbone, and is thus representative of Phe-containing peptides in
general. While the magnitude of the effect is diminished, the presence of a detectable IRenhanced excited state fluorescence in Ac-Phe-NHMe suggests that alkylbenzene
derivatives of a much wider variety may produce a similar effect. Since the phenyl ring is
the prototypical aromatic, phenyl derivatives are pervasive in combustion, astrochemistry,
and atmospheric chemistry, opening the door to utilizing this technique much more broadly
than directly demonstrated here. Furthermore, in Ac-Phe-NHMe, the excited state amide
NH stretch fundamentals were detected in this way (Figure 4.2b), indicating that the effect
is still present after initial excitation occurs via infrared excitation of other hydride stretch
vibrations beyond the alkyl CH stretch region which played primary role in the present
report.
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NAPHTHALENES

5.1

Introduction
Combustion is a vital part of energy production worldwide. As one of the earliest

forms of man-made energy, combustion has been a major focus of research for humanity
throughout history1-2. Increasing our understanding of the combustion process, from the
initial combustion event through the final energy and byproduct production, is essential in
optimizing energy output while minimizing the negative impact on the planet. The initial
combustion event of small simple hydrocarbons is mostly understood, as is the aggregation
of large polyaromatic hydrocarbons (PAHs) into soot, a negative byproduct of the
combustion process3-10. An area of combustion where there are still many questions lies
between these two extremes; namely, the initial inception process that leads to soot
aggregation6, 11, the inflection point that takes the smaller hydrocarbons from individual
units to the large graphitic mass. Previous work in this size regime has been done on long,
straight-chain alkanes in the Suhm group12-13. Their studies were focused on the folding
propensities of the long-chain alkanes. The work on straight-chain alkylbenzenes shown in
the previous chapter showed the shortest possible chain for folding in the alkylbenzenes14.
This chapter will focus on the next step, with multiple aromatic groups aggregating, the
true beginning of soot aggregation.
One theory devised in our group to explain the beginnings of soot formation is that
of a small chemical linker between two aromatic monomers. A few different linkers have
been proposed in the group: propyl chains, dimethyl ether, and ethane. The first two,
propane and dimethyl ether, provide enough flexibility for complete π π stacking, but are
improbable to be generated in a combustion flame. The third linker, ethane, is less flexible
and therefore the dimer is not capable of true pi stacking; however there is enough
flexibility for partial stacking. The ethyl linkage is reasonable to be generated in the high
energy environment of a combustion flame, as in a flame the alkyl chains on PAHs can get
stripped off, leaving methyl radical sites attached to the aromatic group. These benzyliclike radicals are resonance stabilized, allowing for a build-up of concentration, which can
undergo radical-radical recombination with one another, creating an ethyl-linked
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diaromatic system. 1,2-diphenyl ethane has been studied previously in the group, so this
study focused on ethyl-linked naphthalenes, which have larger  clouds than the phenyl
groups and are therefore more likely to stack, regardless of the constraints imposed by the
linker. The ethylnaphthalenes will be considered the monomer units of the dimers for this
study.

Figure 5.1
The three possible conformers for the ethyl-linked dinaphthalenes, labeled
by the position on the naphthalene to which the ethyl chain is bound.

This chapter describes the single-conformation spectroscopy of a set of ethyl-linked
dinaphthalenes synthesized in the Ghosh lab by Dr. Anthony Tomaine. Naphthalene has
two unique substitution sites (the 1- and 2-positions), resulting in three possible ethyllinked dinaphthalenes. The three isomers are shown in Figure 5.1, and are hereby referred
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to as 1,1 1,2 and 2,2. The two ethyl naphthalenes were also studied, as the information from
the monomers will be used to assist in the conformational assignments for the dimers.

5.2

Experimental
1-ethyl and 2-ethyl naphthalene were purchased commercially and used without

further purification. The ethyl-linked dinaphthalenes were synthesized by Dr. Anthony
Tomaine using the following procedure:

1,1-Ethynylnaphthyl dimer: To an oven-dried 100 mL RBF with stir bar, under
argon, containing 35 mL (0.2M) of dry, degassed toluene was added 1.0 mL (7.0 mmol,
1.0 equiv) of 1-Ethynylnaphthalene, 1.1 mL (7.7 mmol, 1.1 equiv) of 1-bromonaphthalene
and 7.3 mL (7.5M) triethylamine. Then, after adding 0.81 g (0.70 mmol, 0.10 equiv) of
Pd(PPh3)4, the stirred reaction mixture was heated to 80 C for 12 h. Once no starting
material remained by TLC, hexanes was added and the reaction mixture was filtered
through a silica plug, washing with hexanes. The crude reaction mixture was then dryloaded onto a silica column equilibrated with hexanes. After eluting with hexanes, followed
by 10% CH2Cl2/Hexanes (v/v), the desired 1,1-ethynylnaphthyl dimer was obtained in 1.5
g (82%) yield a yellow powder.

1,2-Di(naphthalen-1-yl)ethane: To an oven-dried 50 mL RBF, with stir bar, under
argon, containing 1.5 g (5.5 mmol, 1.0 equiv) of the 1,1-ethynylnaphthyl dimer, was added
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11 mL of solvent (0.50M, 1:1 MeOH/EtOAc). Then 0.24 g (0.27 mmol, 0.05 equiv) of 10%
Pd/C was added, the walls of the flask were washed with minimal amounts of EtOAc and
the argon atmosphere was replaced with H2. After stirring for 12 h, celite was added to the
reaction mixture and the solids were filtered through a pad of celite washing with EtOAc.
After concentrating in vacuuo, the crude material was recrystallized using CH2Cl2/MeOH
to yield 0.27 g (17%) of 1,2-di(naphthalen-1-yl)ethane as white crystals.

1,2-Ethynylnaphthyl dimer: To an oven-dried 100 mL RBF with stir bar, under
argon, containing 35 mL (0.1M) of dry, degassed toluene was added 0.5 mL (3.5 mmol,
1.0 equiv) of 1-ethynylnaphthalene, 0.80 g (3.9 mmol, 1.1 equiv) of 2-bromonaphthalene
and 3.7 mL (7.5M) triethylamine. Then, after adding 0.41 g (0.35 mmol, 0.10 equiv) of
Pd(PPh3)4, the stirred reaction mixture was heated to 80 C for 12 h. Once no starting
material remained by TLC, hexanes was added and the reaction mixture was filtered
through a silica plug, washing with hexanes. The crude reaction mixture was then dryloaded onto a silica column equilibrated with hexanes. After eluting with hexanes, followed
by 10% CH2Cl2/Hexanes (v/v), the desired 1,2-ethynylnaphthyl dimer was obtained in 0.58
g (59%) yield a yellow powder.

1-(2-(naphthalen-2-yl)ethyl)naphthalene: To an oven-dried 50 mL RBF, with stir
bar, under argon, containing 0.58 g (2.1 mmol, 1.0 equiv) of the 1,2-ethynylnaphthyl dimer,
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was added 11 mL of solvent (0.20M, 1:1 MeOH/EtOAc). Then 0.01 g (0.042 mmol, 0.05
equiv) of PtO2 was added, the walls of the flask were washed with minimal amounts of
EtOAc and the argon atmosphere was replaced with H2. After stirring for 1 h, celite was
added to the reaction mixture and the solids were filtered through a pad of celite washing
with EtOAc. After concentrating in vacuuo, the crude material was recrystallized using
CH2Cl2/MeOH to yield 0.25 g (42%) of 1-(2-(naphthalen-2-yl)ethyl)naphthalene as white
crystals.

2,2-Ethynylnaphthyl dimer: To an oven-dried 100 mL RBF with stir bar, under
argon, containing 33 mL (0.1M) of dry, degassed toluene was added 0.50 g (3.3 mmol, 1.0
equiv) of 2-ethynylnaphthalene, 0.75 g (3.6 mmol, 1.1 equiv) of 2-bromonaphthalene and
3.4 mL (7.5M) triethylamine. Then, after adding 0.38 g (0.33 mmol, 0.10 equiv) of
Pd(PPh3)4, the stirred reaction mixture was heated to 80 C for 12 h. Once no starting
material remained by TLC, hexanes was added and the reaction mixture was filtered
through a silica plug, washing with hexanes. The crude reaction mixture was then dryloaded onto a silica column equilibrated with hexanes. After eluting with hexanes, followed
by 10% CH2Cl2/Hexanes (v/v), the desired 2,2-ethynylnaphthyl dimer was obtained in 0.15
g (16%) yield a yellow powder.
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1,2-di(naphthalen-2-yl)ethane: To an oven-dried 10 mL RBF, with stir bar, under
argon, containing 0.15 g (0.54 mmol, 1.0 equiv) of the 2,2-ethynylnaphthyl dimer, was
added 2.7 mL of solvent (0.20M, 1:1 MeOH/EtOAc). Then 0.006 g (0.027 mmol, 0.05
equiv) of PtO2 was added, the walls of the flask were washed with minimal amounts of
EtOAc and the argon atmosphere was replaced with H2. After stirring for 1 h, celite was
added to the reaction mixture and the solids were filtered through a pad of celite washing
with EtOAc. After concentrating in vacuuo, the crude material was recrystallized using
CH2Cl2/MeOH to yield 0.13 g (85%) of 1,2-di(naphthalen-2-yl)ethane as white crystals.
The experimental apparatus and techniques utilized in this experiment is described
extensively in the Experimental chapter, and only the specifics for the naphthalene work
are described here. The 1-ethylnaphthalene was heated to 70˚ C, and the 2ethylnaphthalene was heated to 60˚ C to generate sufficient vapor pressure. All three of the
dinaphthalenes were heated to 160˚ C to generate sufficient vapor pressure.

5.3

Theory
In order to determine the potential conformers present in the jet expansion relative

electronic energies are calculated. First, a classical force field search was conducted on all
three isomers to determine the possible conformations. Usually only the low energy
structures from this search would be run at higher levels of theory; however, due to the
presence of only three conformationally flexible dihedrals present in the molecules, there
were only an average of nine calculated conformers per isomer, and as a result, geometry
optimizations for all the calculated conformers were run using B3LYP with a triple zeta
basis set and the Grimme dispersion correction. These optimization and frequency

83
calculations were then used by Dr. Ned Sibert as the starting point for the local mode
Hamiltonian model described in Chapter 2. These calculations were then compared to the
experimental infrared spectra in order to make conformational assignments. A
collaboration with the Slipchenko group is underway to understand the dispersed
fluorescence spectra, but as of the submission of this thesis we do not have completed
calculations on this front.

5.4

Data and Analysis
There are two major components to the experiment: the monomers, 1-ethyl and 2-

ethylnaphthalene, and the dimers, 1,1 1,2 and 2,2. We will first discuss the results for the
monomers and then the dimers.
5.4.1

Monomers

5.4.1.1 1-Ethylnaphthalene

Figure 5.2

UV (a) and IR (b) spectra of 1-ethylnaphthalene

The first monomer, 1-ethylnaphthalene, has a single conformer. The UV spectrum
(Figure 5.2a) shows a strong S1←S0 origin band at 31748 cm-1, with the 810 transition that
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is prominent in bare naphthalene is also present here, appearing 416 cm-1 above the origin
band. The increased background starting at 32000 cm-1 may be due to clusters present in
the expansion. The IR spectrum (Figure 5.2b) has five peaks present at 2887 cm-1, 2948
cm-1, 2959 cm-1, and a doublet split by 3 cm-1 centered around 2977.5 cm-1. The peak at
2887 cm-1 is likely multiple peaks due to its structure and width.
A dispersed fluorescence spectrum of 1-ethylnaphthalene was taken on the origin,
and is shown in Figure 5.3. The major features present are the resonant fluorescence back
down to the ground state zero-point level (0 relative cm-1), a set of three bands around 500
cm-1, and a similar set of three bands at 2100 cm-1.

Figure 5.3
Dispersed fluorescence spectrum of the S1←S0 origin band of
1-ethylnaphthalene. The spectrum is an average of three 10,000 acquisition scans taken
with a 100 micron slitwidth and a 600 ns gate.
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5.4.1.2 2-Ethylnaphthalene

Figure 5.4

UV (a) and IR (b) spectra of 2-ethylnaphthalene

The S1←S0 origin band for 2-ethylnaphthalene lies at 31753 cm-1 (Figure 5.4a).
Notably, there is no strong vibronic band around 420 cm-1 above the electronic origin, a
band seen in both naphthalene and 1-ethylnaphthalene. The calculations do not predict an
analogous mode in the 2-ethylnaphthalene. The IR spectrum (Figure 5.4b) shows six
distinct peaks at 2873 cm-1, 2885 cm-1, 2908 cm-1, 2935 cm-1, 2947 cm-1, and 2975 cm-1.
A dispersed fluorescence spectrum of 2-ethylnaphthalene was taken on the origin,
and is shown in Figure 5.5. The major features present with significant intensity in the
resonant fluorescence channel and bands at 539 cm-1, 817 cm-1, 1020 cm-1, 1537 cm-1,
2189 cm-1, and 2523 cm-1.
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Figure 5.5
Dispersed fluorescence spectrum of the S1←S0 origin band of
2-ethylnaphthalene. The spectrum is an average of three 5,000 acquisition scans taken with
a 100 micron slitwidth and a 600 ns gate.
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5.4.2

Dimers

5.4.2.1 1,1 Isomer
5.4.2.1.1 UV Spectroscopy of the 1,1 Isomer

Figure 5.6
Conformer specific and non-conformer specific UV spectra of the 1,1
isomer. The spectra in (a) were taken in the LIF instrument and the spectra in (b) were
taken in the NSF instrument. The conformer specific spectra are shown in red (A), blue (B)
and green (C), and the non-conformer specific UV spectrum is shown in black.

The conformer specific UV excitation spectra for 1,1, along with the LIF excitation
spectrum (which is not conformer-specific), are shown in Figure 5.6a. The low energy
region of the spectrum was recorded using R2PI in order to better observe the features
present, and is shown in Figure 5.6b. The notable intensity difference observed in LIF
versus R2PI will be addressed in the Discussion section. There are three observed
conformers in the 1,1, with two major conformations (red (A) and blue (B) in Figure 5.6)
and one minor conformation (green, C) with S1←S0 origins at 31675 cm-1, 31527 cm-1, and
31413 cm-1, respectively. The two major conformers both have strong vibronic bands about
400 cm-1 above the S1←S0 origin, similar to the ν8 band seen in naphthalene and both
monomer spectra. The third conformer also exhibits signs of this ν8 band, albeit with
significantly less intensity. The first major conformer (A) has a strong S1←S0 origin band
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with three small vibronic bands within 80 cm-1 of the origin band. This low-frequency
vibronic structure is also built off other transitions in the spectrum, most notably the 810
transition. The second major conformer (B) has a clear 16 cm-1 Franck-Condon progression
built off of its S1←S0 origin, again with the ν8 band mimicking the behavior seen at the
S1←S0 origin. The third conformer (C) has a few pairs of peaks, spaced by 8 cm-1, within
100 cm-1 of the S1←S0 origin.

5.4.2.1.2 DF Spectroscopy of the 1,1 Isomer
The dispersed fluorescence spectrum for the origin band of conformer A of the 1,1
isomer is shown in Figure 5.7. The primary observed features are a strong resonant
fluorescence band and a cluster of bands between 500 cm-1 and 600 cm-1. There are also
strong bands near 1600 cm-1 and 2200 cm-1.

Figure 5.7

Dispersed fluorescence spectrum of the S1←S0 origin band of the
1,1 isomer of 1,2-dinaphthyl ethane.

5.4.2.1.3 IR Spectroscopy of the 1,1 Isomer
The infrared spectra in the alkyl CH stretch region for the two main conformers A
and B, which have similar frequency patterns as well as fairly similar relative intensity
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patterns, are shown in Figure 5.7. There was insufficient signal to obtain an infrared
spectrum of the minor conformer. Both major conformers have wide transitions around
2882 cm-1, and both have a split transition around 2942 cm-1. Both major conformers have
another transition higher in energy than the split transition, with the conformer A (red,
Figure 5.8) having its transition at 2960 cm-1 with similar intensity to the split transition,
and conformer B (blue, Figure 5.8) having its transition, with slightly less intensity from
its split transition, at 2964 cm-1.

Figure 5.8

IR spectra in the alkyl CH stretching region of the two major conformers
of the 1,1 isomer.
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5.4.2.2 2,2 Isomer
5.4.2.2.1 UV Spectroscopy of the 2,2 Isomer

Figure 5.9
UV spectra for the 2,2 isomer. Three conformer specific UV spectra are
shown (green, blue, red) and a non-conformer specific UV spectrum is shown in black.
Three conformers are observed in the UV spectrum for the 2,2 isomer (Figure 5.9).
Two conformers show significant intensity (A and B, Figure 5.9) while the third (C,
Figure 5.9) is considered minor due to its low intensity. The S1←S0 origin for conformer A
is at 31640 cm-1, while the S1←S0 origin for conformer B is at 31602 cm-1. Interestingly,
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there is little vibronic activity 400 cm-1 above the origin region. This is consistent with
2-ethylnaphthalene which also exhibited little intensity in the ν8 fundamental. Conformer
B exhibits a long Franck-Condon progression with the peaks spaced 11 cm-1 apart.
Conformer A does not exhibit such a progression; instead it has a few small vibronic bands
similar to those seen in the 1,1 isomer.

5.4.2.2.2 DF Spectroscopy of the 2,2 Isomer

Figure 5.10 Dispersed fluorescence spectra of two conformers of the 2,2 isomer of 1,2dinaphthyl ethane.

Dispersed fluorescence spectra of the two main conformers of the 2,2 isomer were
taken and shown in Figure 5.10. The red spectrum is from conformer A, and the blue
spectra are taken on vibronic bands of conformer B. The origin band conformer B had
insufficient signal to record a dispersed fluorescence spectrum with adequate signal-tonoise ratio. The primary features seen in conformer A include a strong origin band and
bands at 550 cm-1, 825 cm-1, 1545 cm-1, and 2200 cm-1. The spectra for conformer B exhibit
similar features, with the addition of a large progression of peaks near the origin.
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5.4.2.2.3 IR Spectroscopy of the 2,2 Isomer

Figure 5.11

Conformer specific IR spectra of the 2,2 isomer.

The three conformer specific IR spectra are shown in Figure 5.11. There is very
little difference between the three spectra with respect to both frequency and intensity. All
three spectra have peaks at 2870 cm-1, 2931 cm-1, 2940 cm-1, and 2949 cm-1.
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5.4.2.3 1,2 Isomer
5.4.2.3.1 UV Spectroscopy of the 1,2 Isomer

Figure 5.12 Conformer specific UV spectra for the 1,2 isomer. The three conformer
specific spectra are shown in color, while the non-conformer specific spectrum is shown
in black.

There are three observed conformers of the 1,2 isomer, with a minor conformer (C,
Figure 5.12) having its S1←S0 origin band at 31475 cm-1. The two major conformers (A
and B) have S1←S0 origin bands at 31502 cm-1 and 31658 cm-1. There is no observed long,
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single frequency Franck-Condon progression as there was in the 1,1 and 2,2 isomers. Due
to limited sample only the immediate S1←S0 origin spectra were taken. IRUV holeburning
was used to obtain the conformer-specific UV spectra for the 1,2 isomer due to
experimental complications.

5.4.2.3.2 DF Spectroscopy of the 1,2 Isomer

Figure 5.13 Dispersed fluorescence spectra of the S0-S1 origin bands of the two major
conformers of the 1,2 isomer.
Dispersed fluorescence spectra were taken on the origin bands of the two major
conformers at 31502 cm-1 (A) and 31658 cm-1 (B) (Figure 5.13). Both spectra show major
features at the origin, 540 cm-1, 818 cm-1, 1037 cm-1, and 1539 cm-1. Conformer B shows
doublets at each of these frequencies.
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5.4.2.3.3 IR Spectroscopy of the 1,2 Isomer

Figure 5.14

Conformer specific IR spectra of the 1,2 isomer.

The IR spectra for the individual conformers of the 1,2 isomer (Figure 5.14) exhibit
more peaks than the previous isomers, having six individual peaks as opposed to the four
peaks from the 1,1 and 2,2 isomers. The two major conformers (A and B) have similar
frequency and intensity patterns, while conformer C’s frequency and intensity pattern is
notably different, with peaks that are more spaced out and with a band lower in energy than
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the lowest observed in the major conformer’s spectra. Scouting scans in the 2800 to 2850
cm-1 region were taken of the major conformers and there were no peaks observed.

5.5

Discussion
Due to the unsurprising similarities between the monomer spectra and the

corresponding spectra for naphthalene a significant amount of the discussion will be
comparisons and inferences based on previous understanding of naphthalene itself. As such
a brief explanation of some of naphthalene’s UV and IR spectra is necessary to understand
the comparisons being made. The first part of this discussion will talk about bare
naphthalene, followed by the ethylnaphthalenes, and lastly discussing the dimers
themselves.

5.5.1

Naphthalene
The following discussion of the naphthalene spectra is based on spectra taken by

Dr. Steven M. Beck15-16. The features of the naphthalene spectra that are relevant for
comparison will be described here.
The key features in the UV excitation spectrum of naphthalene are a result of the
S1←S0 electronic transition of naphthalene having a very small transition moment. The
main S1←S0 vibronic transitions observed are a result of vibronic coupling between the S1
and S2 states, since the S2←S0 oscillator strength is high relative to that of the S2←S0
oscillator strength. This is evident when the UV spectrum is analyzed, as the S2←S0 region,
which begins around 3100 cm-1 above the S1 origin, generates well over twenty times the
signal observed in the S1←S0 region. The strongest band observed in the S1←S0 region is
located 418 cm-1 above the S1 origin, labeled as 8̅10. This vibration is a ring breathing mode
that is of the correct symmetry (b1g) to strongly couple the S1 state (1B3u symmetry) with
S2 (1B2u symmetry). This ν8 mode is seen throughout all of the ethylnaphthalene spectra,
both the monomers and the dimers.
The dispersed fluorescence spectrum of the S1←S0 origin has negligible oscillator
strength at the resonance frequency and has a strong vibronic transition at 500 cm-1, labeled
8̅10 . This vibronic band is analogous to the ν8 band observed in the excitation spectrum.
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Many of the strong transitions lower in energy are combination bands involving this 8̅10
band. This band is also observed throughout the entire ethylnaphthalene series. The most
notable combination band is a 8̅10 510 combination at 1893 cm-1.
5.5.2

Ethylnaphthalene Monomers
The UV excitation spectrum of 1-ethylnaphthalene, seen in Figure 5.2a, shows the

same strong vibronic band seen in naphthalene, 415 cm-1 above the S1←S0 origin. This
band is the same ν8 vibronic band, and is also present in 2-ethylnaphthalene 385 cm-1 above
the origin, albeit at significantly lower intensity. The major observable differences between
naphthalene and the ethylnaphthalene UV excitation spectra is the relative intensity pattern;
the S1←S0 origin bands of the monomers carry significant oscillator strength, whereas
naphthalene has very little oscillator strength at the S1←S0 origin. The 2-ethylnaphthalene
origin band is relatively larger than the 1-ethylnaphthalene origin band. This trend is
reversed when discussing the ν8 vibronic band, which is strongest in naphthalene and
weakest in 2-ethylnaphthalene. These trends suggest that the perturbation to the
naphthalene symmetry is more prominent in the 2-ethylnaphthalene than in the
1-ethylnaphthalene. This same trend is also observed in the methylnaphthalenes17-18.
The dispersed fluorescence spectra of the S1←S0 origin transitions of the
ethylnaphthalenes show similar trends to those observed in the UV excitation spectra. The
relative intensities of the resonant fluorescence peaks are both larger than that of
naphthalene, with the 2-ethylnaphthalene having a larger resonant fluorescence peak than
the 1-ethylnaphthalene. The trend is reversed when observing the 8̅10 band, which is more
prominent in the 1-ethylnaphthalene than in the 2-ethylnaphthalene. There is significantly
more vibronic activity in the 1-ethylnaphthalene spectrum, with a triplet of peaks near the
8̅10 band and a significant number of low intensity peaks between 1000 cm-1 and 2000 cm-1.
Previous work on methylnaphthalene18 suggests Duschinsky mixing as the explanation for
the increased vibronic activity. There is a similar set of three peaks beginning at 2137 cm-1,
likely due to a combination band involving the 8̅10 band and the 510 band. The
2-ethylnaphtalene dispersed fluorescence does not show this increased activity. The bands
observed in the 2-ethylnaphthalene are also observed in the 1-ethylnaphthalene, albeit with
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a different intensity pattern. A more detailed analysis of the dispersed fluorescence spectra
requires further work arising from the collaboration with the Slipchenko group.
The infrared CH stretch spectra of the ethylnaphthalenes bares an unsurprising
resemblance to that of ethylbenzene. There is a strong band at 2975 cm-1 in both spectra,
with a second band at 2979 cm-1 present in the 1-ethylnaphthalene spectrum. These bands
are the CH3 asymmetric stretches, which shift higher in energy when coupled with the
overtones of the bend. This coupling gives oscillator strength to the usually dark bend
overtone and forces it to lower energies. This splitting can be seen as a measure of the
strength of that coupling. The splitting observed in the 2-ethylnaphthalene is larger by
~10 cm-1 than that observed in the 1-ethylnaphthalene.

5.5.3

Calculated Dimer Energies
The electronic energies and harmonic vibrational frequencies were calculated using

b3lyp with a triple zeta basis set and the Grimme dispersion correction19 (b3lyp/Def2TZVP
empiricaldispersion=gd3bj). The energy level diagram showing all of the calculated
conformers is shown in Figure 5.15. The most notable trend to observe is the direct
relationship between how stacked the naphthalenes are and the relative energy of the
conformer. Across all three isomers the lowest energy conformers are the stacked
conformers, and as the overlap decreases the stability follows suit. Stacking in the case of
the dimers is defined as the area of overlap between the naphthalene subunits. There are no
extended structures below 6 kJ/mol and no planar structures below 10 kJ/mol. This trend
shows promise for finding evidence of stacked structures in the naphthalene dimers. The
perfect correlation between the amount of stacking and the calculated energies of the
conformations suggests the π stacking is providing significant stability, overcoming any
negative effects from potential steric hinderance.
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Figure 5.15 Relative energies for all computed conformers of the three isomers of the
series of dinaphthyl ethanes studied in this work. The colors correspond to how stacked the
two naphthalene groups are, with the black representing structures in which at least one of
the naphthalenes is in the same plane as the ethyl linker.

5.5.4

Dimer UV Comparisons
The conformer-specific UV excitation spectra of the symmetrical dimers, the 1,1

and the 2,2, have similar features and progressions. Both isomers have two main
conformers, one showing a strong, low frequency Franck-Condon progression and the
second having a strong S1←S0 origin transition followed by three small bands within
80 cm-1 of the origin band. The similarities between these spectra strongly suggests similar
conformations in both isomers. The 1,1 isomer also shows strong vibronic activity 420 cm-1
above the S1←S0 origin in both major conformers, and minor vibronic activity from the
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minor conformer. This strong vibronic activity is not observed in the 2,2 isomer which is
consistent with trends seen in the monomers. The 1,1 isomer also has a third conformer
which exhibits a set of doublets close to its S1←S0 origin band.
The mixed isomer, 1,2, does not share these trends. There are three conformers
observed, with two main conformers. Both major conformers have a set of small vibronic
bands within 80 cm-1 of their S1←S0 origins. There was minimal vibronic activity around
500 cm-1, similar to that seen in the 2,2 isomer.
We do not see any evidence of the second naphthalene S1←S0 origin band that
should be present, and further analysis is required to determine where the second origin is
located. One potential experiment that could help determine the location of the second
origin band is to deuterate one of the naphthalenes which will shift the origin frequency.

5.5.5

Dimer IR Spectra
With only four alkyl CH stretch oscillators the dimer IR spectra are very simple.

Unfortunately this simplicity has led to difficulties in making assignments via matching
calculated vibrational frequencies with the experimental spectra. The infrared spectra of
the two major conformers of the 1,1 isomer are nearly identical, as seen in Figure 5.8. The
local mode Hamiltonian calculations from Dr. Ned Sibert are shown plotted against the
experimental spectra in Figure 5.16. The five theoretical stick spectra shown correspond to
the calculated conformers in which the naphthalene groups are not in plane with the ethyl
bridge. There are no clear matches between the theoretical spectra and the experimental
spectra. The least likely matches are the two highest energy theoretical spectra, as the low
frequency peaks are predicted to be too high in frequency when compared to the
experimental spectra. These two theoretical spectra correspond to the two extended
structures, suggesting that the experimental spectra likely correspond to structures that are
at least partially stacked. The lowest energy conformation has a full ring overlap between
the two naphthalenes, the most overlap possible out of any conformation of any isomer.
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Figure 5.16 Experimental CH stretch infrared spectra of the 1,1 isomer compared to the
theoretical stick spectra calculated using the local mode Hamiltonian model. The stick
spectra are in order of increasing relative energy, where conformer 1 is the lowest energy
structure. The low energy conformers are shown to the left.

The infrared spectra for the two major conformers of the 2,2 isomer are also quite
similar to each other. There is almost no difference in frequency or relative intensity
between the two spectra. This suggests the ethyl chains of the two conformations are in
nearly identical environments. The comparison between experimental and calculated
spectra (Figure 5.17) yields a similar result to that seen in the 1,1 isomer: two stick spectra,
four and five, seem unlikely due to an over estimation of the frequency of multiple bands.
Again the two least likely matches between experiment and theory are the two extended
structures. The remaining three stick spectra are too similar to distinguish between them,
and as such no conformational assignments can be made only using the infrared spectra.
The maximium potential stacking for the 2,2 isomer is low due to the terminal binding sites
on the naphthalenes, and as a result the overlap seen in conformer 1 is the most overlap
possible for the 2,2 isomer. However, even with this minimal stacking the conformer is
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still the lowest energy conformer calculated, further stressing the importance of stacking
in the stability of the dimer conformations.

Figure 5.17 Experimental CH stretch infrared spectra of the 2,2 isomer compared to the
theoretical stick spectra calculated using the local mode Hamiltonian model. The stick
spectra are in order of increasing relative energy, where conformer 1 is the lowest energy
structure. The low energy conformers are shown to the left.

The two main conformers of the 1,2 isomer have similar frequencies to one another,
with a slight variation in the intensities between the two spectra. The third conformer has
two peaks that are significantly shifted lower in energy from the corresponding peaks in
the major conformers. This suggests a significantly different environment for the ethyl
bridge in the minor conformer versus the major conformers. The calculated spectra for the
two lowest energy conformers, seen in Figure 5.18, have the best agreement with the two
major conformers. Both of these conformers are stacked structures. None of the stick
spectra match well with the minor conformer. The lowest energy conformer has a full ring
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of overlap between the two naphthalenes, consistent with the 1,1 isomer. This consistency
lends further evidence toward the idea that the preference to stack overcomes the steric
constraints introduced by the ethyl bridge.

Figure 5.18 Experimental CH stretch infrared spectra of the 1,2 isomer compared to the
theoretical stick spectra calculated using the local mode Hamiltonian model. The stick
spectra are in order of increasing relative energy, where conformer 1 is the lowest energy
structure. The two best fit structures are shown to the left.

5.6

Conclusions
There is still work to be done on this project. Further analysis of the dispersed

fluorescence spectra is required for final assignments of the observed conformations, as the
infrared and UV absorption spectra are insufficient for making conformational assignments.
One experiment that will help in the analysis of the dimers is deuterating one of the
naphthalenes, which will shift the origin band and allow for easier assignment of both
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origin peaks. Another potential experiment is with mixed aromatic dimers, as well as larger
dimer systems such as anthracene and pyrene, although evidence of stacking in naphthalene
would suggest larger PAHs would also prefer stacked structures as they have larger π
clouds to promote more overlap.
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APPENDIX A

A.1

Introduction
The purpose of this appendix is an attempt to preserve as much of my operational

knowledge of the LIF instrument as possible, as this is the instrument on which I spent a
significant majority of my graduate career. With the continuous turnover associated with
the graduate school cycle there is an intrinsic incomplete transfer of knowledge between
one generation and the next, resulting in time being wasted solving problems that have
been solved in the past. Ideally this appendix will serve to minimize this wasted time, and
will be organized as follows; each portion of the LIF instrument will be described generally,
in terms of its function and operation, after which troubleshooting guidelines will be laid
out, as well as a list of the issues and solutions that I have come across while working on
the instrument.
A.2

Pumps

A.2.1 Function and Operation
There are four pumps associated with the LIF instrument: three rough pumps and
one roots blower. The rough pumps are used to ‘rough out’ the chamber, that is generate a
partial vacuum environment for the roots blower to then pump down to even lower
pressures. This is done to protect the roots blower, as it is not capable of taking the chamber
from atmospheric pressures to vacuum. Generally the two rough pumps in the back room
are used to rough out the chamber every day; the small pump in the lab is only used when
the roots blower is already on and you need to break vacuum on the chamber, such as
reloading sample or an especially difficult laser alignment. In this scenario the gate valve
at the chamber is closed and then you can break vacuum in the chamber. After sealing the
chamber again the small pump is then used to bring the chamber down. When opening the
small pump to the chamber be slow with the valve, listening for signs of the pump
struggling; the pump will choke and die if it is introduced to too much volume at once. Be
sure to close off the small pump before reintroducing the chamber to the roots blower;
otherwise the roots blower will pull against the small pump.
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When bringing the chamber to vacuum in day-to-day operations the two large rough
pumps in the back room are turned on first using the left and right buttons on the wall. The
bypass around the roots blower is then opened, allowing the rough pumps to rough out the
lines and chamber. Make sure the gate valve at the chamber is open to allow the chamber
itself to be roughed out. Once the pressure at the chamber reads 60 millitorr the bypass
should be closed and the roots blower turned on using the central button located in the back
room. This will bring the chamber down to operating pressures, which should read as zero
on the pressure gauge located on the chamber itself.
The pumps need maintenance twice a year. The oil in the pumps needs to be
changed and the belts need to be examined for degradation. The old oil is removed via a
drainage spout located near the base of the pump. Be sure to close this before adding new
oil. The new oil is added by removing the exhaust line and pouring into the opening. Fill
the pump to the lines indicated on the view port. To examine the belts take the protective
cover off and manually inspect the entire belt for cracking or other signs of degradation.
Replace if necessary. The exhaust hoses should also be checked for holes, and replaced if
necessary.

A.2.2 Troubleshooting
The pumps have been historically robust, with little to no issues occurring during
my time in the lab. Most of the issues that have come up were a result of poor maintenance,
and were solved by following the maintenance plan described above. The only issue that
came up involving the pumps/vacuum was that of an incomplete vacuum. There are two
separate reasons that this occurred: The chamber itself was not properly sealed, either with
the valve not being properly held on or the vent pin not being present, or the line between
the pumps and the chamber having a leak. Sealing the chamber requires proper placement
of the valve and venting pin, and, in the rare cases other pieces of the chamber being
removed, securing those as well. The leak in the line was due to a poor design mating the
PVC pipe to the metal pipe in the back room. This was corrected using a rubber pipe clamp
to connect the two pipes. The chem shop assisted with this process and is generally helpful
when it comes to pump issues.
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A.3

Valve and Gas Lines

A.3.1 Function and Operation
The general valve is used to introduce sample into the chamber, and is essential in
generating the supersonic jet expansion required for the rapid cooling of our analytes. The
gas line starts at a regulator attached to a gas cylinder, runs through a flow meter, and
connects to the valve using a hand-tight Swagelok connection. The regulator is used to set
the backing pressure for the carrier gas used to carry and cool the analyte. The sample is
loaded directly into the valve by disassembling the front end of the valve and putting the
sample into the sample holder. When reassembling the valve be sure to properly tighten
the sample holder connection as this is a common location for leaks. The valve is pulsed
using a solenoid and a pulsed valve driver designed and constructed in JAFCI.
Day-to-day operation for the valve involves opening the gas line, heating the valve
to the proper temperature, and pulsing the sample into the chamber for laser interrogation.
The gas line is opened, starting at the tank and opening each valve in the line up to the
pulse valve itself. If the sample needs to be heated to provide sufficient vapor pressure then
the Variac needs to be turned on. Once the valve reaches the appropriate temperature the
pulsed valve driver can be turned on and, once the flow stabilizes, the experiment can begin.
To set the valve up for daily operation two things must take place: first, the backing
pressure must be set to the desired value, and second, the sample must be prepared and
loaded into the valve. To set the backing pressure the regulator attached to the cylinder is
used. Regulators operate in a counterintuitive manner: turning the adjustment valve
clockwise increases the gas flow through the regulator, and rotating the adjustment valve
counterclockwise reduces the air flow through the regulator. This is due to the fact that the
valve is depressing a diaphragm when it is tightened, allowing more air flow. To lower the
backing pressure the lines must be vented after closing the regulator to release the pressure.
Raising the pressure only requires the regulator to be opened further, allowing for more
gas flow through the regulator and therefore raising the pressure in the gas lines. To
properly load sample into the valve the valve must first be cleaned from the last experiment
to prevent contamination. This is especially important on the LIF chamber as there is no
mass resolution, meaning contaminants are harder to discern from the target analyte. To
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clean the valve everything from the sample holder to the valve face needs to be removed
and disassembled. Remove the O-ring from the valve face and place everything except the
O-ring, poppet, and solenoid in a beaker. Run methanol through the center of the solenoid
a few times to clean it, and gently clean the poppet and O-ring with methanol to clean them.
Fill the beaker with methanol until the valve parts are completely submerged and then
sonicate the beaker for a few minutes. Empty and replace the methanol, then resonicate the
beaker. Sonicate the parts at least three times, then empty the methanol and put the beaker
in the oven to dry the valve parts. Once dried, remove the valve parts from the oven and let
them cool. To load the sample take a piece of cotton or glass wool, usually cotton for liquid
samples and glass wool for solids, small enough to fit in the glass sample holder and put a
small amount of sample on the cotton/glass wool. Take the cotton/glass wool and place it
in the glass sample holder, then place this into the metal sample holder. Reassemble the
valve, being sure to sufficiently tighten the sample holder connection, as this is commonly
where the valve leaks. Also remember to replace the O-ring. Check for leaks by connecting
the valve to the gas line and opening the line except for the valve connected to the pulse
valve. Wait until the flow stabilizes, then open the last valve and let the flow stabilize. If
there is flow then the valve is leaking and the leaking connection needs to be tightened.
After the valve is airtight the heating rope should be wrapped around the valve. Be gentle
with the heating rope as it can be easily broken. Place the thermal couple on the sample
holder and then completely wrap the valve from the sample holder to the valve face, then
connect the solenoid and heating rope to their respective feedthroughs. At this point the
valve can be placed in the chamber. The solenoid is connected to the pulse valve driver and
the heating rope is connected to the Variac. Be careful with the Variac, as the current it
produces can be lethal. Never complete the circuit for the Variac/heating rope using your
own body. The Variac can then be turned on and heating can begin. Once the valve is at
operating temperature the valve face must be adjusted to produce the proper flow. Turn the
Variac off and remove the valve from the chamber while leaving it connected to the gas
line. Turn the pulse valve driver on, then open the front face of the valve until the gas starts
flowing. There will be an audible hammering sound from the poppet hitting the inside of
the valve face. Open the valve through the maximum flow observed and then adjust until
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the desired flow is reached. Reinsert the valve into the chamber and turn the Variac back
on. Once the temperature and flow stabilizes the valve is ready for the experiment to begin.

A.3.2 Troubleshooting
The pulsed valve can be a great source of frustration, with many potential issues
preventing the experiment from functioning properly. The primary issue that arises with
the pulsed valve is simply a lack of sample. This is a common problem but thankfully a
simple one to solve. The other issues that arise are less common but more problematic. One
of the problems that can arise is a misalignment of the valve. This is usually a result of one
of two things: the XYZ position of the valve is incorrect, or the valve was reassembled
incorrectly, resulting in a bent valve. The Z direction is set by letting the laser light through
the chamber then pushing the valve in using the captain’s wheel until the valve partially
intersects the laser. The valve is then wheeled out four turns (8 mm) to set the proper
distance for the molecules to cool before laser interrogation. The XY position is usually set
using signal, moving the valve up, down, left, and right until your cold signal is maximized.
If the valve itself is bent, the first thing to check is to see if one of the connections is set
improperly. If so, reseat the connection and check the valve to see if it is straight. If one of
the pieces is visibly bent you will need to bend it back or replace the bent part. The valve
should appear straight from all angles.
Another potential valve issue that may arise is inconsistent flow. The first thing to
check is whether or not a leak developed. Check this by turning off the pulse valve driver
and seeing if the flow drops to zero. If this is not the issue check to make sure the face plate
is open to the open side of the maximum flow. There is generally more inconsistent flow
on the closed side of maximum. Another simple check is to see if there is still plenty of
backing gas in the cylinder. Low backing gas can also cause inconsistent flow. If these are
not the issue you will likely need to disassemble the front of the pulse valve to check the
O-ring and poppet for any damage. A damaged or deformed poppet/O-ring can cause
significant issues with pulse stability. If all of these things appear normal the electronics
may be the problem. One simple thing to check is the resistance through the solenoid. If it
does not match that of a new solenoid it may need to be replaced. Another thing to check
would be the pulse valve driver. Using the voltage monitor check to make sure the high
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voltage is approximately 120 microseconds, with a holding voltage of a similar length of
time. The times do not need to be exact, but the trace should look like two square waves.
If there is a serious issue with the pulse valve driver JAFCI will likely need to assist in
fixing the issue.
Contamination is another issue that can arise in the valve. The simplest thing to do
is re-clean the valve and reload sample. The gas line between the valve and the flow meter
can be taken off and cleaned as well. Removing this piece of line and running methanol
through it, then baking it in the oven, can remove the more persistent contaminants.

A.4

Lasers

A.4.1 Function and Operation
The laser systems present in the lab are inarguably the core of what the Zwier lab
does every day. The laser-based schemes utilized in the lab to obtain almost all of the
spectroscopic data we collect on a daily basis unsurprisingly require lasers. The main
function of the laser systems in the lab is the interrogation of cold analyte molecules with
the goal of obtaining UV and IR spectra for conformational assignments.
There are two laser systems used primarily on the LIF chamber, an IR source in the
LaserVision OPO/OPA and a tunable UV source in the ScanMate dye laser. Both tunable
sources are pumped by Nd:YAGs, a Continuum 8020 PowerLite for the OPO and a Quantel
450 QSmart for the dye laser.
The operation of the QSmart is fairly straightforward as it is very user-friendly. To
turn the laser on a main power switch in the back must be flipped, and then the key on the
front is turned. The touchpad will then turn on and, after waiting ~10 minutes for the head
to warmup, the flash lamps can be turned on. To turn the Q-Switch on the manual shutter
needs to be turned to be parallel with the laser head. Be sure to start the dye circulator
before turning the Q-Switch on, otherwise the dye can burn. After the dye circulator is
turned on the Q-Switch can then be turned on using the touchpad. There are two different
pump wavelengths generated by the QSmart, 532 nm and 355 nm. The proper pump
wavelength is determined by the laser dye being used in the dye laser. Follow the manual’s
instructions to switch between the two wavelengths.
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The dye laser operates in sync with the LabView code used to run the scans, but
due to its age cannot be controlled remotely from the data acquisition computer. The scans
must be set up in the crystal menu and must match the settings from the UV scan in the
acquisition computer. There are two main maintenance/operational tasks that occur on a
regular basis for the dye laser: changing the dye and recalibrating the doubling crystal.
Replacing the dye with a fresh copy of the same dye only requires the old dye to be drained
and the new dye put in; if you are changing to a new dye you need to rinse the lines out
with methanol until the methanol drained from the system runs clear. This will prevent
contamination between dyes. If a pump change is required follow the directions in the
QSmart manual to switch between 355 and 532. Recalibrating the doubling crystal is done
in the crystal init menu of the ScanMate. Set the desired range then hit calibrate. The screen
should say autocoll; at this point hit enter once, this will let the laser ‘guess’ where the
crystal should be for the indicated wavelength. It will be wrong. After the motor stops
moving manually rotate the crystal by loosening the set screw and turning the crystal.
Rotate the crystal to the position that generates maximum UV light, as seen on a business
card. Reset the set screw, then use the arrow keys for a fine adjustment of the crystal to
maximize the UV signal. At this point do not loosen the crystal for the rest of the calibration.
After maximizing the UV light with the arrow keys, hit enter. This will move the grating
to the next calibration point. Adjust the crystal using the arrow keys to maximize the UV
light, then hit enter to save the point. Repeat this step until the calibration is complete. To
maximize the light you can simply look at the card, set up a photodiode to pick up the light
off the card, or you can let the light through to the chamber and use the PMT to detect the
light.
The Powerlite YAG is turned on using the switches on the power supply. First flip
the switch on the right, then the second switch. Finally turn the key. At this point you
should hear the lamps firing. From here you need to use the keypad to put the controls in
external mode. First turn on the Q-switch with the Q-switch button, then switch the control
to auto using the auto manual button, then use the program up button to switch the program
to program two. This will put the YAG in external and allow the flashlamps and Q-switch
to be triggered by the timing box. Allow the laser 15-20 minutes to stabilize, and always
measure the power before letting the light into the OPO. The power should be ~650 mJ.
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The OPO operates using the LaserVision software, with minor manual adjustments
used to maximize power. After letting the light into the OPO the waveplates need to be
opened. The waveplate to the doubling crystal needs to be set to 22.5 degrees, and the
waveplate to the amplifier 45 degrees. After setting the waveplates allow the crystals to
warm up and measure the power. If the power is acceptable, >50 mJ, the OPO is ready for
operation through the LaserVision program. To run an infrared scan the laser must be set
to the start wavelength. From there the acquisition computer will do the rest. When
resetting a scan be sure to run the laser back 50 cm-1 past the start and then bring it back.
This removes any slop in the motors. Also make sure to change the scan speed to 2 cm-1
when you run the laser back.

A.4.2 Troubleshooting
In my time in the lab the QSmart has only had one serious issue that was a result of
a manufacturer’s error. Quantel was cooperative in fixing the laser head and there have
been no serious issues since. The only issue we have had is a triggering issue, which is a
result of incorrectly setting the timing box. To fix this double check your timing box
settings.
The dye laser has multiple potential issues that arise on a somewhat regular basis.
They most commonly manifest as a drop in stimulated emission power. The most common
reason for a drop in laser power is old dye: depending on the dye the lifetimes can range
from a week to the end of time. A common dye in the lab, Coumarin 540A, only lasts about
a week. The other major reason for low laser power is misalignment. This usually occurs
when changing pump wavelength. Realignment of the ScanMate should only require the
adjustment of the two mirrors between the YAG and the dye laser. Turn the YAG power
down so that the light is barely visible: this will allow the back of the dye laser to be taken
off and the optics in the back inspected for proper alignment. The alignment in the back
needs to have the pump light centered on the three circular optics: two going into the
oscillator dye cell, and the third going towards the amplifier cell. The better this alignment
the better the laser power. After aligning on these optics the fine alignment can begin.
Alternating between the sheeting optics adjustments, maximize the stimulated emission
power while minimizing the ASE. Be sure to set the grating to the dye’s maximum before
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attempting this alignment. A more thorough alignment may be useful, utilizing the optics
between the dye cells. Josh Fischer has had experience with this alignment, and would be
a better person with whom to discuss this alignment.
The Powerlite has had multiple serious issues in my time in the lab. A minor issue
is that of low water in the reservoir. This is the first thing that should be checked if nothing
major has been changed and the laser is not firing. There are two major issues that have
occurred in the Powerlite: the Marx bank going bad and the flashlamps dying. Every other
major issue we have seen with the laser has, in the end, boiled down to one of those two
things. Be sure to check these two issues before making any alignment changes in the YAG,
as this will only complicate the issue further. The flashlamps should be checked first, as
they are the most likely issue and can be resolved easily by replacing the lamps. The lack
of a shot counter on the laser makes tracking the lamp lifetime difficult. If the lamps are
not the issue then the Marx bank should be checked next. Both Mark Carlson and Eric
Norwood in JAFCI are experienced in dealing with Marx banks.
Most of the issues with the OPO system can be traced back to the pump laser. The
issues that have occurred with the OPO itself are usually alignment related, when the two
optics between the lasers are bumped. This misalignment should be corrected by moving
ONLY the two optics between the lasers. Any adjustments inside the laser itself would
only complicate the issue. Follow the instructions on Dean Guyer’s website to properly
align the system. This website gives valuable information on the LaserVision system, and
is a great place to start if you have any questions regarding the system.
A unique issue that I have had to deal with during my time in the group is a damaged
grating that needed to be replaced. For this I mostly followed the instructions given to me
by Dean, but there were a few things I discovered during the process that made things
easier: First, take many pictures of the old grating setup before removing it. Second, set the
laser to a wavelength such that the signal in the OPO is a visible wavelength. This will
allow for a much easier time when putting the grating in its final position. Third, when
putting the grating in its final position place a card, I used a lens paper sleeve, against the
right wall behind the grating setup. When you have the grating at the correct angle there
should be red light on this card. I found this angle to be very sensitive, and therefore a great
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indicator of proper alignment. These tips, alongside Dean’s instructions, should be
sufficient guidance for replacing the grating.

A.5

LIF Chamber

A.5.1 Function and Operation
The LIF chamber is used to take UV, IR, and DF spectra using two fluorescence
detection schemes: a PMT and an iCCD camera. The PMT is the primary detector, being
used in every scheme except dispersed fluorescence. The PMT is generally robust, and
operates simply by applying high voltage using the high voltage power supply in the
electronics rack. I never ran the PMT above 1800 volts, although this is not a maximum
limit given by the manufacturer. The PMT is not wavelength sensitive, and as such we use
longpass filters to cut out the scattered laser light from hitting the detector. The iCCD
camera, when coupled with a monochromator, is wavelength sensitive, and is used to
collect dispersed fluorescence spectra. This detector runs through the Andor software on
the acquisition computer, as does the monochromator. The important things to remember
about operating the dispersed fluorescence program are as follows: be sure to close the
shutter on the monochromator before exiting the LabView program. Turn the MCP voltage
down to zero before closing the Andor program.

A.5.2 Troubleshooting
Difficulties unique to the LIF chamber are primarily a result of the light detection
schemes. Alignment through the chamber is more difficult than the other neutral chambers.
The baffles needed to cut out the room light make simply getting laser light through the
chamber difficult. The first tip I have in this regard is to always use a second laser for
alignment if possible. If you already have a single laser through the chamber
counterpropogating the unaligned laser will put it through the chamber. Use two optics on
the side of the unaligned laser: use the optic closest to the chamber to put the aligned laser
on the unaligned, and the optic further from the chamber to put the unaligned laser on the
aligned laser. If you do not have a laser already through the chamber I have found that
getting the laser through on the left right alignment is a matter of eyeballing the light using
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a card to make sure it lines up with the center of the baffle arm from the window to the
nearest optic. To get the up down alignment correct measure the height of the baffle arm
off of the table and set the laser light to be this height at all points between the window and
the optic. This should get the light through the chamber. If this does not work there are a
few more extreme measures that have been taken to get the lasers through the chamber,
although they require breaking vacuum and as such the detectors need to be turned off and
the pumps closed off from the chamber before venting. The first of two alternative methods
I have used is taping a business card to a meter stick and carefully putting it into the
chamber. This method requires two people as one person will need to watch and hold the
business card and the other will make the necessary adjustments using the optics. Be very
careful to not hit the collection optics inside the chamber. The other method is removing
the baffle arm to get the laser through the chamber with more margin for error. I would
advise attempting the alignment for some time before resorting to these measures.
Another major alignment issue with this chamber involves the dispersed
fluorescence alignment. The unfortunate part of this alignment comes from the fact that
there is only one adjustable optic between the fluorescence collection region of the chamber
and the iCCD camera, and this optic can only be adjusted with the side of the chamber off
and the monochromator slit shut. This means making minor adjustments to this optic,
putting the side back on the optics train and taking a scan, then repeating this process until
you’ve maximized the signal. The other adjustment that can be made is physically moving
the monochromator. This should be done with great care. Ideally this alignment shouldn’t
be necessary, but if it is I would suggest taking the brightest, easiest molecule to work with,
one that we have the dispersed fluorescence spectrum of, and align using it. Aligning using
the laser light can be misleading, and using real signal for alignment is always preferable.
Also the LED on a pulse valve faceplate is a good idea in theory, but I did not find it to be
very helpful in the end.
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Daniel Hewett grew up in Concord, New Hampshire and enjoyed many of the
amenities living in New England has to offer including swimming, camping, annual beach
trips with his cousins (with whom he may or may not have gotten into a little mischief),
traveling, white water rafting and various other activities that could burn off his abundance
of energy! He was a curious child known for getting into unique situations like getting his
head stuck in a YMCA locker at the age of three. His love of raw carrots is unmatched.
From early childhood on, he was an avid reader and enjoyed math and science. In the fifth
grade, he found stardom on National Public Radio after being chosen by his beloved
teacher, Sue-Ann Martin, to discuss the formation of clouds for listeners across the
nation. That same year Dan, who was a master of Krypto, a mathematical card game, came
in second in the citywide Krypto Tournament - the bitterness of second place still lingers
to this day.
In high school, Dan discovered his interest in Chemistry and how it interacted with
math. He participated in a German exchange program which nurtured his love for the
country and travel. After graduating from Concord High School, Dan decided to venture
off to another part of the country and attended Bradley University in Peoria, Illinois, where
he majored in Mathematics and minored in Chemistry, all while playing 100s of hours of
intramural sports and taking a trip to the ER as a result. After graduating from Bradley, he
moved one state closer to home to pursue his Ph.D. in Physical Chemistry at Purdue
University. There he immersed himself in the laser spectroscopy lab, intramural
sports...and another trip to the ER! He was fortunate to have the opportunity to return to
Germany and be able to work alongside Professor Martin A. Suhm at Gottingen University
for two months during his tenure at Purdue.
Dan has authored and co-authored several articles published in various journals
including The Journal of Physical Chemistry, The Journal of Chemical Physics and
Chemical Science. He continued his career with fundamental laser spectroscopy in the lab
of Dr. Peter Bernath at Old Dominion University. Hospital staff in Norfolk, Virginia was
warned of his arrival.
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